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Abstract 
Aspects into the structural integrity of pharmaceutical bilayer tablets 
Gerard Ross Klinzing 
Antonios Zavaliangos, Ph.D. 
XI 
Bilayer pharmaceutical tablets present a unique medium for more efficient and 
effective delivery of therapeutics to patients. The bilayer tablet system has several 
advantages over conventional single layer tablets such as modified drug release, e.g., a 
fast release layer for immediate therapeutic relief and a slow release layer for continued 
relief, physical separation of chemically incompatible therapeutics, and treatment of two 
separate ailments with the use of one tablet. Despite the advantages of bilayer tablets, 
problems during production and storage can lead to interfacial cracking and delamination 
which result in unacceptable quality. 
Failure along the bimaterial interface of a bilayer tablet may occur 
instantaneously upon ejection from the die or more slowly over time as a result of the 
absorption of moi sture. In order to understand these failure mechanisms there needs to be 
a better understanding between the mechanical properties of bilayer tablets and the 
relationship with transient moisture sorption. To solve this problem the solution may be 
• 
divided into two components: I) the mechanical understanding of the local stresses 
around the bilayer interface evolving from the compaction and ejection event, and 2) the 
understanding of the transient nature of differential moisture sorption into different 
pharmaceutical material s. 
This thesis examines the effect of processing parameters and tablet curvature on 
bilayer tablet integrity. Altering layer order and layer thickness ratio has shown 
XII 
significant changes in the degree of interfacial cracking and the region of crack initiation. 
A model based on fundamental diffusion mechanisms and basic material properties was 
developed , solved analytically, and experimentally verified. The 1 D model is capable of 
predicting the transient moisture uptake process for any porous material with the 
knowledge of several key material properties. The analytical solution provided the time 
constant of the diffusion process which is dependent upon overall tablet porosity and the 
material ' s ability to absorb moisture. Experimental results on bilayer tablet strength upon 
exposure to several different humid environments showed that any change from the 
tablet ' s original moisture content resulted in a reduction of interfacial strength. 
Chapter 1: Introduction and Background 
1.1. Motivation 
The effect of humi d ity on everyday materia ls may be observed a lmost everywhere 
from warping wood, to pee ling pa int, and cracked concrete. Humidity is a natura l and 
inev itabl e part of our everyday li ves and co nsequentl y affects our everyday materials. 
Researchers have stud ied the effect of moisture on materia ls in fi e lds such as so il science 
[ 1-3 ], building materi a ls (concrete/ insulati on) [4-5], e lectronic pack in g [6] , paper 
integrity [7], fabri c des ign [8-9] , and even pharmaceutica l tabl ets [I 0- 14] . 
Pharmaceuti ca l tablets are the most preva lent form of drug deli very in the medical 
community w ith over 80% of a ll therapeuti c drugs administered in thi s form [1 5] w ith 
approx imate ly 50% of Americans taking a prescription drug [ 16]. Tablets are popular due 
to the ease of deli very and convenience of dosage contro l. The deve lopment of bil ayer 
tabl ets has presented a new technique for treating ailments with one tablet, whereas 
previous ly severa l tablets would have been admini stered. For exampl e, bil ayer tablets 
present the opportunity to admini ster two or more therapeutic drugs which, until now, 
may not have _been admini stered w ithin the same tablet because of chemi cal 
incompatibilities [17] . Moreover, bilayer tablets can be fa bricated to conta in one layer 
w hich di sso lves away quickly for immediate therapeutic release fo ll owed by a second 
layer that di sso lves slowly to continue therapy throughout an extended peri od of time 
[ 18]. Bilayer tablets also present the opportunity to treat several di ffe rent conditions, such 
as hi gh cho lestero l and hi gh blood pressure, w ith the use of one tablet [1 9]. Thi s benefits 
the patient cons iderably because of the reduced number of pill s be ing admini stered 
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helping to ensure patient compliance along with an enhanced control of therapeutic 
dosage leve ls. 
Perhaps unknown to those outside the pharmaceutical industry are the difficulties 
involved when manufact uring conventiona l single layer tablets with acceptab le 
properties. Currently, considerable research is dedicated to the tablet forming process in 
order to understand and predict density variations, mechanical strength , and drug 
avai labi lity [20-23]. Furthermore, processing of tablets must be insensitive to variations 
in material feedstock, which cou ld push tablets outside an acceptable design space [24]. 
However, with the i ~1troduction of bilayer tablets, processing becomes more compli cated 
and tablet integrity becomes the dominating aspect of quality contro l. In fact, the FDA 
se ized millions of control release bilayer tablets in 2005 when delamination (sp litting 
along the material inte1face) had become a reoccurring problem in a marketed drug 
product [25]. However, a new class of problems has developed during storage, where 
bilayer layer tablets spontaneously split due to expansion caused from the differential 
ambient moisture uptake of the two layers. Thus, the need to study the exposure of 
bilayer tablets to storage cond itions is of the utmost importance. 
Despite the fact that this current problem exists, moisture uptake is a we ll defined 
phenomenon in the pharmaceutical industry [10, 26-30]. However, on ly a few studies 
contain information on the interaction between humidity and single layer tablet properties 
[I 0, 14]. Most available information deals only with equ ilibrium conditions and not 
transient conditions [30-32] . Moreover, there is very little information considering the 
effect of humidity on bilayer tablet integrity. Within the previous work on bilayer tablets, 
issues such as mechanical prope1ties, interface characterist ics, and drug release kinetics 
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have been addressed [33-39]. However, there exists a direct need for a more 
comprehensive understanding of the transient effects of humidity on bilayer tablets. 
Therefore, thi s thesis out lines a combined theoretical , experimental , and numerical 
approach to describe the trans ient absorption of humidity into bilayer tablets and its affect 
on bilayer tablet integrity. 
1.2. Background 
1.2.1. Pharmaceutical Excipients 
Conventional single and bilayer tablets consist of a combination of active 
ingredients mixed with sev~ral excipients, such as diluents, disintegrants, binding agents, 
or lubricants, wh ich constitute the formu lation. The materials used for pharmaceutical 
tablets vary great ly from polymers, sugar substitutes , or ceramics, which all possess 
unique material properties. Since compression is the most common form of tablet 
production, excipients must possess several key attributes, such as good flow 
characteristics, good compressib ility and compactability, stability when exposed to heat 
or moisture, and desirable dissolution prope1ties [ 15] . Several common excipients used 
within the industry which possess these attributes include, but are not I imited to, 
microcrystalline ce llulose (MCC), starch, polyvinyl-pyrrolidone (PVP), lactose, 
hydroxypropyl methylcellulose (HPMC), and dicalcium phosphate dehydrate (DCP) [15]. 
Most excipients are avai lable in powder form but may also be produced into granular 
form. Granules can be produced by adding water to a mixture of excip ients and active 
ingredients (wet granu lations) to produce smal l particles which are agglomerates of the 
excipient/active ingredient mixture. The ability to curtain the poor flowability and 
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compress ion characteristics evident m most active ingredients IS the overwhelming 
benefit of wet granu latio n. 
Within the realm of industry and academia, excipients are commonly the 
materials of choice for study. Several explanations exist for thi s trend. First, active 
ingredients may contain intellectual property which cannot be shared throughout 
industry. Second, the physical and mechanical properties of excipients are well 
estab li shed and avai lab le worldwide. Finally, many tablets are composed mainly of 
excipients w ith on ly a small fraction of the bulk weight being act ive ingredients. Thus, 
the dominating properties of the tablet can be attributed to the excipients themselves. As 
a result, proper excipient se lection is essentia l towards contro lling physical , mechanical , 
and chem ical properties of drug products . 
Excipients possess unique physical properties which make them va luab le in the 
pharmaceutical industry. Those produced in powder form have a wide availability of 
particle sizes, ranging from several to hundreds of microns. Powder particle size is one 
variable used to control flowability [40-41]. In addition, flowability is impacted by 
different particle shapes, such as spherical, rod-like, or sheets as shown in Figure 1. The 
shape of an excipient usually depends on the production method and material 
characteristics. For example, MCC is a microcrystalline polymer which is the product of 
an acid treatment of wood pulp. This process creates rounded to rod-like particles 
composed of agglomerated needle-shaped microfibrils consisting of amorphous and 
crystalline regions (approximately 70% crystalline) [42] . 
Another notable characteristic of pharmaceutical excipients is the relationship 
between particle shape, production method , and surface area. Microcrystalline cellulose 
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powder has a large spec ific surface area of 1.3 m2/g [43], which is a result of the 
agglomerati on of microfibril s and a large amount of internal poros ity. Spherex, a 
cross linked starch partic le w ith more uniform shape and s ize, possess a much lower 
surface area of0.32 m2/g [43]. 
Figure 1. SEM micrographs of different powder parti cles: a) Spherex, a starch 
microsphere [43], b) dica lcium phosphate dihydrate [44] , c) MCC, Av ice l PH I 02 [43]. 
The cause of s ignificant surface area is the large amount of poros ity. For example, 
MCC exhibits several leve ls of poros ity including intrapartic le poros ity and interparticle 
poros ity. MCC's intrapartic le poros ity vari es in pore sizes, ranging from micropores w ith 
di ameters less than 2nm, mesopores w ith di ameters from 2-50nm, and macropores w ith 
diameters larger than 50nm [ 45] . In addition, when tablets are compressed, larger 
macropores on the order of microns can exists between powder partic les themselves, 
constituting the interpartic le poros ity [46]. 
1.2.2. Bilayer Tablet Compaction 
A schematic of bilayer tablet production is shown in Figure 2. The produ ction of 
bilayer tablets di ffe rs from single layer tablets by one step in the compaction process, the 
6 
tamping step. Initially, the first powder (yellow) is fed into the die and tamped, a 
preliminary compression step which results in a formed tablet. This step volumetrically 
predetermines the amount of material needed for the second layer. Upon filling the 
second layer (red), the powder is compressed into its fmal form and then ejected from the 
die. 
pt Layer 
Fill 
Tamping 2nd Layer Compaction Ejection 
Fill 
Figure 2. Schematic of Bilayer Tablet Production. 
Tamping is a necessary step in bilayer processing because it controls weight 
ariability within the second layer of the tablet. Figure 3 shows two bilayer tablets in 
which one tablet has not been tamped and one that has been tamped. There is a well 
defined flat interface seen in the tablet which was tamped thus allowing for better control 
of weight variability upon filling the second layer. 
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a 
Figure 3. Comparison between a) a non tamped bilayer tablet and b) tamped bilayer tablet 
[47]. 
Weight variability is an extremely important parameter in tablet production because it 
defines the quantity of drug within each layer. However, tamping does have a negative 
effect on interface integrity. Increased tamping pressure leads to a weaker interface 
between the two layers creating a greater probability of splitting upon ejection from the 
die. An acceptable production window may be developed which indicates the safe, 
marginal, and failure regions in which bilayer tablets may be produced as shown in 
Figure 4. 
Tamping Pressure ~ 
Figure 4. Processing window for bilayer tablets with respect to increasing tamping and 
compaction pressure [ 48]. 
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Consequently, the compaction process will result in either a tablet that is: a) intact with 
minimal visible cracks and not delaminated (marginal/safe region) or b) a tablet which 
has split immediately upon ejection due to differential expansion of the pharmaceutical 
excipients (split region), as shown in Figure 5. 
9 
Figure 5. Cracking within a bilayer tablet or splitting upon ejection [48]. 
The cause of differential expansion from die size is a combination of material properties 
of each layer and the radial stresses generated from the compaction process. Figure 6 
shows that during each stage of the tablet forming process, loading/compaction, 
unloading, and ejection exhibit different levels of die wall stresses. Upon ejection from 
the die, the residual stresses will be relieved in the form of expansion. Differential 
expansion results from differences in material properties of each layer and increased 
differential expansion results in cracking of bilayer tablets. 
Figure 6. Radial stresses within each layer during the tablet forming process. C -
compaction, U- unloading, and E - ejection [48]. 
1.2.3. Theory of Moisture Transport 
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In order to completely understand how moisture causes bilayer tablet splitting 
upon storage, additional aspects must be understood such as diffusion of moisture within 
tablets, the effect of moisture on tablet properties, and appropriate models to help predict 
moisture diffusion. The following section is aimed at developing the necessary 
fundamental concepts in order to model moisture diffusion in pharmaceutical tablets. 
Kinetic Gas Theory [49} 
Understanding the fundamental concepts of kinetic gas theory is pivotal to 
understanding the nature of gas diffusion within a porous media. Kinetic gas theory 
II 
provides the foundation upon which classical diffusion equations can be derived. Kinetic 
gas theory provides basic definitions for fundamenta l properties of gases such as 
pressure, velocity, and mean free path . The definition of gas pressure may be described as 
a molecule with momentum , p, interacting with a wall of area, A, which collides with the 
wall at some time, t, through equation ( 1.1 ). 
1 Llp 
P=--
AM 
(1.1) 
The momentum of a molecule is defined as the velocity of that molecule multiplied by its 
mass. A molecule 's average velocity, for an ideal gas in any direction , is described 
through equation ( 1.2) where R is the universa l gas constant, T is the temperature, and M 
is the molar mass of the molecule. 
vz - RT ( x,y,z )- M (1.2) 
Equation (1.2) is significant because it relates a microscopic velocity to a macroscopic 
variable, the temperature. The average molecule velocity may be translated into average 
molecular speed through the distribution function as described through equation ( 1.3). 
V = J8RT 
rrM 
(1.3) 
With the average speed known, the mean free path of similar molecule collisions may be 
calculated as, A. = ~, where lambda is the mean free path and z is the collision frequency 
z 
of like molecules. Upon substitution for collision frequency, the mean free path becomes 
RT 
A.=-=----{2p NAvrw 2 
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(1.4) 
where Pis pressure, NAvis Avogadro ' s number, and cr is the molecule 's radiu s. Equation 
(1.4) can easily be modified for collisions of different sized molecules. The mean free 
path becomes important when considering diffusion within restricted geometries such as 
small pores. 
Fickian Diffusion 
The most classic description of diffus ion was developed by Fick in 1855. Fick 
was motivated by Graham's work on the diffusion of salts in water [50]. However, Fick 
was bothered by the lack of a fundamental law to describe this phenomenon. Therefore 
Fick took it upon himself to develop a mathematical framework for the diffu sion of salts 
in water. He assumed that the law dictating the diffusion of salt in water should be 
analogous to that of Fourier's heat diffusion in a conducting body [51]. Fick stated that, 
" the transfer of salt and water occurring in a unit of time, between two elements of space 
filled with differently concentrated solutions of the same salt, must be, directly 
proportional to the difference of concentration, and inversely proportional to the distance 
of the elements from one another." [51]. With that, Fick's l s1 law of diffusion was 
developed and may be described through equation ( 1.5): 
ac 
Flux= D dx (1.5) 
where the Flux is defined as the mass of material transported per unit area and time, D is 
the diffusion coefficient (area per time), C is the concentration of diffusing species (mass 
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per volume), and x is the spatia l distance. In order to describe the transient concentration 
change over a period of time and distance x, Fick's 211d law of diffusion may be used 
which is stated through equation ( 1.6) for the one dimensional case. 
ac 82C 
-=D-
at ax 2 (1.6) 
Both of Fick's laws have been used wide ly to describe the diffusion mechanism of liquids 
and gases in numerous areas of research. However, Fick ' s laws are empirical in nature 
and fai l to accurate ly describe several situations such as osmotic diffusion , diffusion 
barriers, or reverse diffusion [52]. 
Maxwell-Stefan Diffusion 
In 1866 James Clerk Maxwell and Josef Stefan simu ltaneously developed a 
mechanistic approach to the diffusion of gases [53). The basis of their model relies on the 
fact that when gas molecules move among each other they interact. The interaction 
between molecules causes a frict ional force which may be related to the chemical 
potential of the molecules involved. A force balance may be setup between two 
molecules as shown in equation (1.7): 
(1.7) 
where f.li is the chem ical potential of species I, z is the direction, R is the universal gas 
constant, T is temperature, x2 is the mole fraction of molecule 2, v is the velocity, and D 12 
is Maxwell-Stefan diffusion coefficient. The drag coefficient between the gases, RTfD12, 
dictates the movement of the gases and when the mixture of gases is considered ideal, 
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Fick ' s 2nd law of diffusion may be derived from Maxwell-Stefan 's equations. Moreover, 
the Maxwell-Stefan diffusion model has the ability to account for ideal gases and non-
ideal gases. 
Knudsen Diffusion 
Kinetic gas theory provides an important parameter, the mean free path of a 
molecule, which may be used in part with the pore diameter to classify the diffusion 
process through a porous media. The ratio of the mean free path of a gas molecule in air 
(or any other medium) to that of the pore diameter is defined as the Knudsen number and 
shown in equation ( 1.8). 
A. 
Kn =-
d (1.8) 
The Knudsen number effectively characterizes the diffusion mechanism of a gas 
molecule in a porous media based upon the size of the pore in which diffusion IS 
occUITmg. Typically Knudsen diffusion occurs if Kn>5 where the pore diameter IS 
significantly smaller than the mean free path of the diffusion molecule. In this case the 
diffusing molecules collide more frequently with pore walls than molecules and diffusion 
is hindered. When Kn<0.2, the diffusion mechanism is considered to behave as normal 
molecular diffusion and unaffected by the pore diameter. In other words, molecule-
molecule collisions dominate the diffusion mechanism and the pore geometry does not 
hinder the diffusion process. A Knudsen number between these two extremes, 0.2<Kn<5, 
may be characterized as a transition region in which both molecule-pore wall collisions 
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and molecule-molecule co llisions are equally important in the diffusion process. Figure 7 
schematically shows the three regimes of the Knudsen diffusion mechanism. 
Types of Molecular Diffusion 
d 
Fickian 
d 
d 
Tr1msition Fickian/Knudsen 
Figure 7. Mechanisms of Diffusion [54]. 
For example, when water vapor diffuses through air at 30°C, the mean free path of 
the water molecule is approximately I OOnm. Therefore, in order for the Knudsen 
diffusion mechani sm to become a dominating factor in the diffusion process, the diameter 
of the pores w ithin the body must be on the order to 20nm. To account for this hindered 
diffusion mechanism a Knudsen diffusion coefficient may be assigned for the water 
vapor molecules and defined through equation (1.9): 
(1.9) 
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where r is the radius of the pore, k is the Boltzmann ' s constant, Tis the temperature, and 
m is the molecular mass of the diffusion species. For the transitional regime, where the 
Knudsen number i between 0.2 and 5, the diffusion coefficient may be representative of 
both ordinary molecular diffusion (F ickian diffusion) and Knudsen diffusion through 
equation (I. I 0). 
1 1 1 
--=-+-
Dtrans DK Do 
(1.10) 
where D1rans is the transitional diffusion coefficient, 0 0 is the ordinary (Fickian) diffusion 
coefficient, and OK is Knudsen diffusion coefficient [55]. 
Surface Diffusion, Multilayer Adsorption, and Capillary Condensation 
When the pore diameter becomes increasingly small er the effect of surface 
diffusion must be taken into consideration. For example, within a microporous catalyst 
(pore less than 2nm in diameter) it was reported that 50% of mass transfer was attributed 
to surface diffusion [56]. As surface concentration of the adsorbent increases, the 
diffusivity increases up to the point of monolayer coverage. After monolayer coverage 
and through multilayer coverage there is a decrease in surface diffusivity until capillary 
condensation occurs in which diffusivity increases again. 
Many different mode ls have been proposed to describe surface diffusion through 
microporous media. One such model is the site hopping model. The site hopping model is 
based upon Hill ' s hopping model and assumes that molecules diffuse along a surface by 
hopping from one open site to another [57]. The time at wh ich a molecule stays at a site 
may be described through equation ( 1. I I) 
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~ = vexp (- /1£) 
t RT 
(1.11) 
where 1 is the residence time, v is the vibration frequency of the molecule, E is the 
activation energy of the bond , R is the gas constant, and Tis the temperature. Usin g the 
residence time and the Einstein equation , a diffusion coefficient may be found for surface 
diffusion and is shown through equation ( 1.12) where t is the residence time from 
equation ( 1.1 I) and delta is the average distance between sites. 
(1.12) 
Higashi , et al. used this convention to describe surface diffusion as a function of surface 
coverage theta, as shown through equation ( 1.13). 
Dso ( E) 
Ds = (1 - 8) exp - RT (1.13) 
Upon complete coverage of the surface, diffusion of molecules may be described 
through the hydrodynamic model which describes the diffusion of molecules as a film of 
laminar flowing viscous liquid along the surface [58] where the film thickness may be 
calculated through Bradley' s equation [59]. 
Further saturation of the porous media may lead to condensation of the vapor 
phase below the saturation pressure within pores of a specific size. The Kelvin equation 
may be used to re late the relative pressure of the vapor to the maximum radius of a pore 
in which condensation may occur [56]. The Kelvin equation is shown through equation 
(1.14) where P v is the vapor pressure, P sat is the saturation pressure of the vapor, y is the 
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surface tension of the liquid , V m is the molar volume of the liquid , c]) is the contact angle 
at the pore wall , r is the pore radius, R is the universal gas constant, and T is the 
temperature. 
Pv 2yVmcos¢ 
ln-=----
Psat rRT 
(1 .14) 
For example, the condensation of water vapor at 75%RH and 30°C within a porous media 
will occur in pores of radii less than 3.7nm. 
Mass Transfer Between Phases 
In addition to molecular and pore wall interactions, the so lid itself may allow for 
diffusion through the bulk. Diffusion of water vapor in a solid is drastically slower than 
that of the vapor phase through pores [60-61]. Depending on the rate of diffusion within 
the porous material , mass transfer limitations from the pore to the material may be 
significant. Similar to analyses in heat transfer, there exists a Biot number for mass 
transfer which is defined as 
{J k ·l 
B . l l=--
D 
(1 .15) 
where km is the mass transfer coefficient from air to material , l is the length into the 
material , ~ is the partition coefficient which accounts for the difference in the equilibrium 
quantity of moisture in each phase (solid and gas), and D is the diffusion coefficient of 
moisture within the bulk material. When Bi<<J, the diffusion process is mass transfer 
limited meaning that the rate at which moisture is transferred to the solid is slower than 
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that through the solid. However, when Bi>> J, the diffusion process IS limited by the 
diffusion through the bulk material and mass transfer to the so lid is fast. 
1.3. Selected Pharmaceutical Excipients for Study 
Microcrystalline Cellulose Structure 
Microcrystalline ce llulose (MCC) is a very common pharmaceutical excipient 
used to enhance tablet properties. Microcrystalline cel lulose is a derivative of cellulose 
wh ich is the most abundant natural polymer in the world. Cellulose is a linear polymer 
which is composed of ~-D-glucosopyranoside units with a 1-4 bond linkage as shown in 
Figure 8 [62]. 
' , ~ 
OH OH CH20H 
0 
0 
CH20H OH CH20H OH 
. 
' 
' .'n . 
Figure 8. Schematic structure of cellu lose [10]. 
Cellulose exists in two forms, cellulose I and cellu lose II, with the most common form 
being cellulose I. Cellulose I may be extracted from two sources, the cell walls of higher 
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plants or algae/bacteri a. Depending on the source, ce llulose I will possess one of two 
allomorphs, ce llulose Ja or cellulose IP which ari se from algae/bacteria or hi gher plants, 
respecti ve ly. 
Microcrystall ine ce llulose, for example Av icel (FMC Biopolymer), used within 
tableting comes from hi gher plant sources in the fo rm of ce llulose !p. In order to achieve 
hi gh purity ce llulose from a source of wood pulp, MCC is treated with an ac id bath whi ch 
cleaves the amorphous regions of the ce llulose chains leaving a predominately crystalline 
structure. Avice l has been rep01t ed to possess a range of crystallinity fro m 55% to 80% 
depending on the measurement technique and source [30, 63]. The crystalline domains 
can be described as nanocrystalline fibril s of ce llulose chains which have dimensions of 
approximately 4.4nm x 4.4nm and 200nm long as depicted in Figure 9 [62]. The 
nanocrystalline fibril aggregate into small nanos ized needles which further agglomerate 
into particles on the size of 50 to 300J.-tm as shown in Figure I 0 and Figure I I. 
13 nm 
Cladophora fibril 
+ 
4.-1 11111 
!\ICC fibril 
fAccess iblc ,. 
~7 surface area 
Fibril aggregates !15-50 nm) 
Particles (5-30 J.un) 
Figure 9. Micro to macroscale structure ofMCC [62]. 
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Drexel MCF EHT• t OOkV 2'116!"' WO• 1111!11 Vacuumt.IOCS.•H•ghVacuum '"•"'-•1b_0.2b_MCC.JJW'd•_Lftlllm.01til 
ZCI~:)SuproSOVP Mag• 201X 1-----i o.rtector•SE2 Uat•411 JU1iU1Q 111n• IU.£0~.,....., 
Figure 10. MCC particles less than 53 microns In s1ze. 
Drexel MCF EHT = 1 00 kV WD • 6 mm Vacuum Mode= Htgh Vacuum F110 N.3mo g ,kv 0 1k" MCC pwdr GT180um 01 til 
Ze1ssSupraSOVP Mag= 102X f~ Oetector=SE2 uate "'.JuiJ~1U ~une~1u:J~u• .;rn.n.-
Figure 11 . MCC particles greater than 180rnicrons in size. 
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Dibasic Calcium Phosphate Structure 
Dibas ic ca lcium phosphate (DCP) is a ceram1c exc ipient materi al which is 
ava il able in the fo rm of an anh ydrate, DCPA; CaHP0 4 and commerciall y known as 
A TA B. Parti cles of DCPA are equiaxed in shape with an average size of approx imately 
200f.lm , Figure 12. Lubricati on with I% by we ight of magnes ium stearate is common in 
order to aid with tablet ejecti on. Magnes ium stearate has a platelet shape geometry as 
seen in Figure 13. DCPA is relati ve ly unaffected by the presence of moisture such that 
onl y a sli ght uptake of moistu re occurs due to surface bonding and capillary condensati on 
at high relati ve humidity. Moreover, DCPA does not transition to the dihydrate fo rm in 
the presence of water even after 7 months of exposure to moisture [ 64]. 
EHT = 5.00 kV Mag= 100 X Detector= In lens WD = 5 mm tOO pm Dale :20 Mav20QB 
File Nama:: DC P _ JOS9, _00 Uf 
Figure 12. SEM image of dibasic calcium phosphate anhydrate [65]. 
Figure 13 . High resolution SEM of magnesium stearate particle on dibasic calcium 
phosphate anhydrate particles [65). 
1.4. Literature Review 
1.4.1. Interaction of Moisture with MCC 
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The interaction of moisture with pharmaceutical materials has been under 
investigation for several decades . One of the first studies on the interaction of moisture 
with MCC tablets was performed by Reier and Shangraw in 1966 [66]. The authors 
observed that exposing single layer tablets to an elevated level of humidity over a 
prolonged period of time resulted in a reduction of tablet hardness. ln addition, the 
authors observed dimensional changes within tablets exposed to elevated humidity where 
thickness would increase upon exposure to higher levels of humidity. Another interesting 
result of the study was the effect that cyclic environmental conditions had on tablet 
hardness. Tablets were exposed to 75%RH for 2 days, then 60°C for 2 days (drying), and 
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ambient conditions for 2 days. Each tablet showed changes in hardness, but it was found 
that strength was recoverable during the cyclic exposure to different environmental 
conditions (Table I) . 
Table 1. Effect of tablet hardness on changing environmental conditions (table from 
[66]) . 
Time, 
Conditions, 
R. H. Hardness Days and Temp. Wt. , Gm. (S.C. units)" 
0 0 . 145 11 . 7 
2 75% R . H. 0 . 153 7.2 
4 60° C. 0. 141 10 .7 
6 Ambient 0. 146 11 . 6 
con eli-
tionsb 
.8 60° C. 0.143 12 .3 10 75% R. H. 0.151 8.0 12 Ambient 0.147 11.5 
condi-
tionsl> 
j 111:t~}"0zfo Cobb units. b Ambient conditio ns are approx-
. Y and 40% relative humidity. 
A study presented by Zografi, et al in 1984 clarified ambiguity among specific 
surface area measurements of MCC and the regions of water vapor sorption into MCC 
[ 12]. Experimental results were shown that the specific surface area of MCC examined 
by BET adsorption using N 2 and Kr gas both resulted in values of ! .3m2/gram and the 
effect of pretreatment, whether heating or drying under atmosphere or vacuum prior to 
testing, had no effect on the measured SSA. In addition, a proposed explanation for 
where water vapor adsorption occurs within MCC was discussed. Water vapor may only 
be absorbed into the amorphous regions of the material and not within the crystalline 
regions. Absorption occurs in three separate regimes: 1) water is tightly bound to the 
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anhydroglucose unit at a ratio of one water mo lecule per two anhyd roglucose unit, 2) less 
ti ghtly bound water adsorbs which occurs at a ra ti o of one water molecules per 
an hydroglucose unit, and 3) addit iona l water behaves as bulk water within the material. 
Tightl y bound water occurs up to 3-4% water by weight where loose ly bound water 
occurs up to 6-8% by we ight and beyond 8% water by we ight exhibits bulk like behavior. 
The proposed regions and type of bonding of water vapor into MCC was further 
supported by [13 , 27, 67]. 
In an effort to better understand the specific binding sites of water vapor in M CC, 
experiments were performed by Khan, et a l. which examined the dielectric response of 
tablets eq uilibrated to different leve ls of moisture [ 13] . The authors report s imilar 
findin gs as Zografi with respect to where mo isture binds within microcrysta lline cellulose 
and is shown schematicall y in Figure 14. Hydrogen bondin g occurs between the water 
mo lecule and the 6-carbon hydroxyl group shown in Figure 14a. Up to approximate ly 
l .Swt% water there ex ist two hydrogen bonds per one water molecule. The bonding 
occurs between two sugar units of MCC as shown in Figure 14a. With the addition of 
more moisture, up to about 6%wt, one of these hydrogen bonds is broken such that onl y 
one hydrogen bond occurs per sugar unit, Figure 14b. Further exposure to mo isture 
results to water molecule hydrogen bonding with one another and schematicall y shown in 
Figure 14c. This is representative of water that behaves more like the bulk state as 
di scussed by Zografi. 
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Figure 14. Schematic of water bonding sites w ith microcrystalline ce llulose [1 3]. 
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The effect of moisture on several tablet properties was examined in [ 14] where 
tablets were made from MCC powder pre-equilibrated to different leve ls of moisture 
prior to compacti on. With increas ing moisture content there was a dec rease in the tablet 
tensil e strength and Young's modulus. Also, the author observed an increase in the ax ial 
and radi al dimensions of the ta bl ets with increas ing moistu re content. The expansion in 
the ax ia l direction was I 0% and radi all y 1.5% at a moisture content of 9.5%wt. With an 
understanding of where water molecul es bind within MCC an explanation fo r the 
observed expansion ani sotropy was proposed and shown through Figure 15. 
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Figure 15. Schematic of swelling anisotropy in MCC tablets [ 14]. 
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The proposed reasoning behind the anisotropic expansion was explained through 
a combination of material orientation due to compaction and the location of water 
binding within the cellulose material. During compaction the particles orient themselves 
such that the particles align perpendicular to the compaction direction as show in Figure 
15 . In addition, the microfibril s themselves consist of a crystalline core and an 
amorphous outer sheath which also become oriented due to compaction. Since moisture 
interrupts bonding between cellulose chains, which are oriented perpendicular to the 
compaction direction, swelling will be greater in the axial direction than the radial. 
Since the studies of Zografi and Khan, et al. there have been a number of 
additional studies all examining the effect of moisture on various properties of MCC. 
Research has examined the conductance of moist microcrystalline cellulose in order to 
gain a better understanding of how the material transports ion such as Cl- and Na+ [68-
69] . Several studies have looked at the rheological properties of MCC at different 
moisture contents with the use of mixing torque measurements [70] , mixing avalanche 
times [71 ], and shear cell measurements [28]. The effect of moi sture on MCC 
compressibility and stress was examined in [I 0]. Despite the well documented effects of 
moisture on MCC, almost all the current studies deal with equilibrium conditions and 
very little attention is focused on transient effects. 
1.4.2. Prior Work on Modeling Moisture Diffusion in Porous Media and 
Pharmaceuticals 
To date there has been very little effort to model the transient diffusion and uptake 
of moisture in pharmaceutical tablets despite the significant implications moisture has on 
material properties and tablet integrity. However, in other fields such as soils [1 -3] , 
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building materials (concrete/ insu lation) (4-5] , electronic packing [6] , paper production 
[7] , and fabric design [8-9] research has been prevalent and long lasting, in some cases 
beg inning 50 years ago. Most work previously done on the topic of pharmaceuticals 
tablets has examined transient water transport through pharmaceutical tablets in 
conjunction with dissolution and drug delivery (72-76]. 
Porous Media 
As mentioned above, modeling moisture diffusion in porous media other than 
pharmaceuticals has been prevalent and long lasting. Seminal work performed in 1957 by 
Philip and DeVries described mathematica lly the movement of moisture in porous 
materials under temperature gradients. The authors explained moisture diffusion through 
porous med ia as the combination of classica l vapor diffusion and liquid movement by 
capillarity. The mathematical formulation was used to describe phenomena such as the 
effect of air pressure on vapor transport and the effect of moisture content on moisture 
transport [I] . Another method to analyze moisture diffusion in porous media is through 
the dusty-gas mode l (DGM) [77] . Here the porous media is considered to be composed of 
numerous stati onary large dust particles. The DGM may be used in cases where Fickian 
equations are not adequate and may also incorporate the Knudsen effect. Network models 
take into account the broad di stribution of pore sizes typical of porous media by 
calculating diffusion through different magnifications of pore spaces [4, 78]. More 
recently the diffusion of moisture with in paper has been described through coupled 
equations of mo isture diffusion in pore space and paper fibers [7]. The driving force for 
diffusion wi thin the paper material was described through mass transport mechanisms 
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from pore space to material. Ultimately, the authors were able to predict the transient 
moisture distributions within a sheet of paper for a specific set of boundary conditions. 
Pharmaceuticals 
One of the earliest studies which made an effort to study the uptake of moi sture in 
pharmaceutical tablets was presented by Otsuka, M. , et al. in 1992 [79]. The authors 
studied the uptake and volume expansion of two different sized tablets made of 
theophylline. The two tablet sizes were 0.25cm thick and 2cm in diameter and I em thick 
and I em in diameter. Uptake experiments were performed at 95%RH and 35°C where 
weight, thickness, and diameter measurements were made periodically over a period of 
50hrs. It was found that tablets expanded more in thickness than in diameter for both 
tablet sizes with a ratio of almost 2: I . In addition , an effort to model the uptake process 
was made with the use of a so lid-state kinetic model presented by Sharp and Hancock 
[80]. The uptake process was compared against several different kinetic equations where 
the best fit between experimental results and kinetic equations was achieved with 2D and 
3D phase-boundary mechanism. The authors concluded that the hydration process of 
theophylline tablets was dictated by two geometric factors of the tablets, porosity and 
thickness. 
Several years later, work by Jerzewski and Lordi focused on designing an 
experimental diffusion apparatus to examine the diffusion mechanism through high 
density polyethylene (HDPE - a non water absorbing material) and lactose (a water 
absorbing material) tablets [81-82]. Steady state flux of moisture through tablets was 
ana lyzed based upon a Fickian diffusion mechanism and an effective diffusion 
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coefficient. Flux was measured as a function of tablet surface area, thickness, 
concentration gradient, and particle size. For HOPE tablets it was found that the diffusion 
process was consistent with Fickian diffu sion and no Knudsen effects were present. 
However, for lactose tablets it was reported that the Knudsen effect sta1ts to become 
dominate at higher compaction pressures as pore size decreases. In both cases, HOPE and 
lactose tablets, steady state flux through the thickness of the tablet was measured and 
concluded that pore structure was the dominating feature affecting the diffusion process. 
The authors stated that the non-steady state diffusion process will be altered by the 
materials ability to absorb moisture but no effort was made to develop a model which 
incorporates spatial distributions of moisture during the time to reach steady state. 
Another approach examines the uptake of moisture by tablets packaged within a 
plastic container. An empirical model based upon the container permeability and 
moisture vapor isotherms of tablets was presented in [83]. A limitation of this model 
exists in the polynomial fit needed for the moisture vapor isotherm of the tablets. In 
addition, there was no detail given into the mechanisms of moisture transport into the 
tablets. 
An approach to predict the moisture content at a specific time during exposure to 
a specific level of RH makes use of the parallel-exponential kinetics (PEK) model as 
shown in equation (1.16). 
(1.16) 
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where MC is the moisture content of the material at t exposure time, MC0 is the initial 
moisture content of the material , MC 1 and MC2 are the moisture contents of the material 
associated with the fast and slow processes, respectively which have a characteristic time 
of t1 and t2 [84). The model assumes that the sorption curve is composed to two 
exponential regions in which there is a fast and slow process. The fast process was 
associated with the immediate uptake of moisture by the material whereas the slow 
process is representative of new binding sites opening due to the presence of moisture. 
The study found that the PEK model could accurate ly capture the kinetic behavior of 
moisture uptake; however, the model is empirical and does not describe physical 
mechanisms or spatial transients. 
1.4.3. Prior Work on Bilayer Tablets 
Prior work on bilayer tablets is limited. Studies have just begun exam ining how 
processing parameters affect mechanical integrity and strength for flat bilayer tablets. In 
addition, several studies have looked at the drug release profiles of several different 
multilayered tablet systems but will not be elaborated upon in this text [36, 39, 85-88] . 
Therefore, a brief overview of the previous work looking into the mechanical integrity of 
bilayer tablets will be presented in chronological order of appearance within the 
literature. 
Karenhill, et al. I 990 
One of the earliest papers examm mg the compaction of bilayer tablets was 
presented by Karenhill , et al. in [89]. The authors examined the effect of the initial layer's 
surface roughness on the tensile strength of bilayer tablets for several differently 
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deforming materials. The model materials of the study included those which consolidate 
predominately by plastic deformation and those which consolidate through brittle 
fragmentation. Surface roughness of the initial layer was altered by varying the tamping 
pressure from OMPa to 200MPa. All tablets made throughout the study were compacted 
to a final pressure of 200MPa. The strength of the bilayer tablets was measured with an 
axial tensile testing apparatus developed in [90]. For each differently deforming material 
it was found that an increase in the tamping pressure (initial layer compaction pressure) 
resulted in a decrease in overall tablet tensile strength. However, it was found that the 
plastically deforming materials all exhibited zero tensile strength when the tamping 
pressure was significantly high, greater than 50MPa in some cases. The fragmenting 
materials did not show a complete loss of tensile strength at any of the tamping pressure 
tested. The reduction in tensile strength in the plastically deforming materials was 
attributed to the reduction of interfacial surface area available for the second layer to 
bond. These tablets all failed along the bonding interface. The fragmenting materials 
behaved differently where failures occurred within the first layer of the bilayer tablet and 
not along the interface. Conclusions were made that the fragmenting materials were 
insensitive to interfacial roughness and may be the ideal material of choice for bilayer 
tablet systems. 
Dietrich, P., et al. 2000 
Bilayer tablets were produced at the laboratory scale and tested in shear to 
examine the interfacial strength with respect to different compaction pressures and 
degrees of lubrication [91]. Jt was reported that increased lubrication and compaction 
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pressure on the first layer negatively affected the interfacial adhesion between the two 
layers within the bilayer tablets. Therefore, bilayer tablets could on ly be made intact with 
a low first layer compaction pressure. In addition, efforts were made to translate 
knowledge from laboratory scale experiments with bilayer tablets to production scale 
tableting of tri-layered tablets. It was found that production parameters could be 
optimized for tri-layered tablets by using lab-scale bilayer tablet strength measurements. 
Podczeck, F. , et al. 2006 
A series of experiments in which bilayer beams comprised of different materials 
were tested in three point bending in an effort to understand the strength of the bilayer 
tablet system [92]. Bilayer tablets were produced with a special split die system in which 
the ejection step of compaction could be eliminated. Three point bending tests were 
performed on beams with different layer orientation along with single material beams. An 
effort was made to understand if the tensile strength of the bilayer beam was 
representative of the combination of the two materials or just representative of a single 
material within the beam. Results showed that with increasing porosity there was a 
decrease in tensile strength for all tablet configurations tested. However, the magnitude of 
tensile strength varied drastically depending on several assumptions in which the tensile 
strength was calculated. For example, tensile strength values for the same tablet 
configuration changed whether the original configuration was assumed, whether a 
corrected Young's modulus was assumed, or whether a beam of ~ thickness was 
assumed. The proposed test method to analyze tablet strength was difficult to interpret for 
bilayer beam samples and results varied drastically depending on the assumptions used to 
calculate tensile strength. Due to the ambiguity of the experiments results, the validity of 
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this test method for characterizing the strength of bilayer beams made of different 
materials is questionable. 
inman, S.J. , et al. 2007 & 2009 
MCC bilayer tablet fracture surfaces and cracking was examined in [35) with the 
use of laser profilometry and microcomputed tomography. In addition , the force to 
fracture the interface was measured with the use of a tensile test in which tablets were 
glued to platens and pulled in tension until failure. Forces were measured for tablets 
made to different tamping and main compaction pressures. It was observed that the 
strength of the interface decreased as the initial compaction stress (tamping pressure) 
increased due to the reduction of surface roughness. In addition, as the main compaction 
pressure increased the fracture force increased for all tablets. Topography of the fractured 
surfaces using laser profilometry for tablets tamped to 95.5MPa and compacted with 
increasing main compaction pressures up to 156MPa showed that an increase in main 
compaction pressure resulted in a reduction of surface roughness. Moreover, the 
curvature of the interface became more severe within increasing main compaction 
pressure due to the presence of friction between powder and die wall. Microcomputed 
tomography showed crack development along the radial edge of the tablet at the interface 
and not within the bulk of either layer. This indicates that adhesion between particles in 
the individual layers is greater than that along the interface. It was concluded that 
relaxation and volume expansion upon ejection does not occur uniformly, resulting in 
crack formation along the radial edges of the tablet interface, subsequently reducing 
interfacial strength. 
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In a complimentary study [33], the authors examined radial expansion 
discontinuities along the height of MCC bilayer tablets as a function of tamping pressure 
and main compaction pressure with the use of laser profilometry. Axial topography 
showed that increasing the main compaction pressure created less rough surfaces as 
shown through Figure 16. In addition, the discontinuity between layers which was 
evident at main compaction pressures less than 50.9MPa was eliminated at higher 
pressures. 
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Figure 16. Axial topography ofMCC bilayer tablets with initial compaction pressure of 
50.9MPa and final compaction stress shown [33) . Axes are in microns. 
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These axial profiles show the non-uniform radial expans ion from die and only 
upon higher main compaction pressures does expansion around the interface become 
uniform. As stated in the previous paper, radial expansion is believed to be the reason for 
interfacial failure of MCC bilayer tablets. However, tablets produced with larger tamping 
stresses than final compaction stress is not representative of realistic manufacturing 
processes, thus the app li cability of these results must be questioned. 
Wu, C. and Seville, J. 2009 
The authors of [34] studied bilayer tablets and binary tablet made of mixtures of 
MCC and lactose monohydrate with the use of the diametrical compression test and 
microcomputed tomography. Bilayer tablets were made where the first layer was 
comprised of one material representing 80% of the total tablet mass and the second layer 
comprised of the other material representing the remaining 20% of the total tablet mass. 
Binary mixtures of single layer tablets were made of the same 80%:20% ratio of each 
material. Jt was found that the diametrical crushing strength of bilayer and binary tablets 
was higher for tablets which contained a larger percentage of MCC. This should be 
expected because MCC is the stronger of the two materials. Consequently, the 
diametrical compression test was biased towards the layer which inherently had a higher 
strength. In addition, the authors observed secondary cracking along the bimaterial 
interface in which the severity increased at high compaction pressures and tablets with a 
greater composition of lactose showed more severe fracture patterns. The test method 
only provides information on an individual material and not the entire tablet. Moreover, 
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the test method is I imited because it does not provide a direct measurement of bilayer 
tablet interfacial strength. 
A nuar, MS. and Briscoe, B.J. 2010 
More recentl y, the ax ial and radial elastic relaxation of MCC bilayer tablets upon 
ejecti on from the die was assessed in an effort to understand the relationship between 
relaxation and the resulting tab let mechanical integrity [93). Figure 17 shows the elastic 
relaxati on in the axial and radi al direction as the bilayer tab let is ejected from the die. The 
axia l displacement was determined from the difference in laser displacement measured 
from the top of the tablet minus the load cell displacement. At the onset of the tablet 
emerging from the die there is a contraction in the axial dimension of the tablet which is 
believed to be caused from the expansion in the radial direction. During further ejecti on 
but prior to the interface emerging from the die, the axial expansion of the tablet 
increases. However, as the interface begins to emerge from the die (Region A in Figure 
17) there is a significant increase in the rad ial direction accompanied by a decrease in the 
ax ial direction. After the interface emerges from the die there is continuous expansion in 
the axial direction up to the poi nt where the tablet is fully ejected. 
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F igure 17. Ax ia l and radi al e lasti c re laxa tion of MCC bil ayer tablet tamped to 22.6M Pa 
and ma in compaction pressure of 45.2M Pa [93). 
These results suggest that radia l ex pansion retards the ax ia l expansion du ring the ejecti on 
stage of the compaction process because of the development of an elasti c strain gradient. 
However, there were onl y a limited number of studi es perfo rmed at relati ve ly low main 
compacti on pressures and one tamping press ure making it difficult to develop a concrete 
mechani sti c understandin g of expansion and the re lationship w ith materia l propert ies. 
Podczeck, F. and Al-Muti, E. 2010 
A fo llow up study to that presented in 2006 by Podczeck, et al. a imed at 
understanding the tens il e strength of microcrysta lline ce llulose bil ayer beams made of 
di fferent grades of MCC [94] . Again it was reported that the layer orientation during the 
three point bending test affected the resulting tens ile strength. Moreover, results of 
bil ayer beams made of materia l "x" and bil ayer beams made of di ffe rent materi als ("x" 
and "y") in whi ch the bottom layer material "x" was the same fo r both beam 
configurations resulted in the same breaking load. Consequentl y it appears that the 
41 
breaking load is unaffected by which material comprises the top layer within the bilayer 
beam. However, as shown in the 2006 study and now in the 20 I 0 study, when layer 
properties are sufficiently different the resulting tensile strength differs drastically 
because of the assumptions used to calculate beam tensile strength. 
Podczeck, F. 2011 
A step in a similar direction to the previous studies by Podczeck examines the 
fracture and failure tendencies of bilayer tablets produced from two different materials 
[95]. The work incorporates a theoretical and experimental framework with hopes to 
understand how thermal stresses and strains developed during compaction may result in 
bilayer tablet delamination. Ultimately the aim of this work was to develop an 
experimental method to aid in the material selection for bilayer tablets in order to 
mitigate bilayer tablet delamination. Bilayer beam test specimens were compacted from 
raw powder and tested in three point bending as shown in Figure 18 where P is the load, t 
is the beam thickness, I is the distance between bottom supports, and a is the induced 
crack length. 
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p 
Figure 18. Test sample configuration to determine the bimaterial stress intensity factor 
[95]. 
Based upon fracture mechanics of bimaterial interface a far field stress intensity factor 
was calculated. It was found that the far field stress intensity factor increased with 
decreasing porosity and that the value obta ined was dependent the layer orientation in 
which the sample was tested. The author argues that the test method is only applicable 
when the crack is introduced into the more brittle layer of the bilayer beam. The 
reasoning behind this conclus ion is that a brittle material will not be subjected to ductile 
phase toughening and the fracture mechanics models used remain valid. The applicability 
of the proposed test method is limited to a spec ific set of materials. In addition , the 
production of beams using a sp lit die system is not representative of a real compaction 
processes. The use of a split die system wi ll a lter the residual stresses with in the beam 
which have the potential to greatly influence interfacial strength. 
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Zavaliangos, A. (2007-2012) 
Work performed by Zavaliangos has examined the differential expansion from die 
size and processing windows of bilayer tablets made of microcrystalline cellulose (MCC) 
and dibasic calcium phosphate lubricated with 1% by weight magnesium stearate 
(ATABI%) [48]. Studies have shown that radial expansion from die size was dependent 
on the main compaction pressure and the material layer, as seen in Figure 19. 
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Figure 19. Radial expansion from die ofMCC and ATAB within single and bilayer 
tablets at varying main compaction pressures [ 48]. 
Expansion of MCC from die size decreased with increasing main compaction pressure. 
The trend was observed in both single layer and bilayer tablets. The decrease in diameter 
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from die stze was a result of microcracking in the materi al which increased within 
increasing compaction pressure. However, for A TAB the opposite trend was observed 
such that increasing main compaction pressure resulted in an increase in expansion from 
die size. Therefore it should be expected that bil ayer tablets made of MCC and ATAB are 
more likely to fail upon production of higher main compaction pressures due to the 
increase in diameter di fferential. 
Process ing maps companng di fferent tamping pressures, matn compaction 
pressures, layer sequence, and ejection direction were also examined. Figure 20 
summarizing the results of four different scenanos where the regions in red indicate 
pressures which resulted 111 bilayer tablets that showed significant cracking or 
delamination. 
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Figure 20. Processing maps for MCC-ATAB I% bilayer tablets [48]. 
The two plots on the left of Figure 20 show the tablet configuration where MCC was the 
top layer and AT AB was the bottom layer. The difference between these two cases was 
the ejection direction where in one case the tablets were ejected from the bottom punch 
upwards and the other from the top punch downwards. By simply altering the direction of 
ejection, changing which layer emerges from the die first, the processing window was 
significantly altered. The same trend was observed when the layer order was switched 
such that A TAB was the top layer and MCC was the bottom, two plots on the right of 
Figure 20. ln this case ejection from top down was worse and bottom up was better. 
However, upon comparing all four plots the best case scenario arises when AT AB was 
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ejected from the die first regardless of the ejection direction. ln addition, throughout all 
processing maps an increase in tamping pressure and higher main compaction pressures 
all resulted in the reduction of the safe region in which tablets could be made. 
1.5. Goals 
As evidenced from the prior work in the field, studies examining the effect of 
moisture on bilayer tablet integrity are practically non-existent. Therefore, a need to 
better understand the transient relationship between moisture sorption and mechanical 
properties in bilayer tablets is required . In order to so lve thi s problem the solution may be 
divided into two components: 
1) the mechanical understanding of the local stresses around the bilayer interface 
evolving from the compaction and ejection event, and 
2) the understanding of the transient nature of differential moisture sorption into 
different pharmaceutical materials. 
The mechanical problem involves understanding the behavior of powder 
compaction and ejection of bilayer tablets. Jn addition, the residual stresses associated 
with differential expansion at the material interface, and the fracture toughness of the 
material must be understood to determine how tablets split. This knowledge will allow 
for the comprehension of tablet failure immediately after compaction. The moisture 
sorption problem involves studying the transient moisture uptake of the different 
materials used in bilayer tablets. Determining each material 's differential expansion 
caused by moisture uptake is essential. The mechanical and moisture sorption qualities 
can be studied individually, but ultimately must be coupled in order to completely 
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describe the fa ilure of bilayer tablets caused by swelling. The topic of this thesis involves 
the swel ling associated with bilayer tablets, as described above, and will be integrated 
with the mechanical component which is under investigation by co ll eagues at Drexel 
University. Moreover, the science behind this research is directly app li cab le to related 
fields of study such as the food processing and packaging industries, among others. 
Therefore, specific objectives of the thesis include: 
a) understand the effect of tablet curvatu re on bilayer tablet integrity upon 
ejection from the die 
b) estab li sh an understanding of the dominant mechanisms contro lling moisture 
diffusion through pharmaceutical tablets 
c) characterize the transient behavior of moisture uptake into pharmaceutical 
tablets 
d) form ul ate a mathematical model to accurately describe the transient moisture 
diffusion within pharmaceutical tablets 
e) understand the effect of moisture on bilayer tablet shear strength at vary 
processing and environmental conditions 
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Chapter 2: Delamination and cracking tendencies in curved bilayer tablets 
2.1. Intr·oduction 
Since the deve lopment of bilayer tablets there has been a myriad of production 
challenges during the tablet manufacturing process (compaction , unloading, and 
eject ion). One of the bi ggest problems associated with bilayer tablets is the propens ity of 
physical failure in the form of delamination upon ejection from the die. However, 
downstream processes such as tablet coating or storage may result in an 1ncrease 111 
cracking or ultimately lead to delamination . In both cases these failures (cracking or 
delamination) lead to unusable tablets and a negative consumer perception of quality. 
To date every study investigating the properties of bilayer tablets has been 
focused on the flat tablet geometry. Yet within the pharmaceutical industry the majority 
of tablets are manufactured with a curvature. Therefore, the goal of this work is to 
understand how production parameters, tamping and main compaction pressure, result in 
delamination and cracking tendencies in bilayer tab lets systems with a specific curvature. 
Tamping and main compaction pressures were varied to probe the regions where tablets 
could be made safely without signs of visible cracking. In addition, several microscopy 
techniques were employed to probe cracking and interface structure to better understand 
the evo lution of crack propagation within tablets made at different conditions. With 
Quality by Design (QbD) in mind, there is a need to better understand the relationship 
between curved bilayer tablet processing parameters and failure in order to provide 
insight and guidance for manufacturing design decisions. 
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2.2. Materials and Methods 
Materials 
Microcrystalline cellulose (MCC), Avicel PH I 02 , and dibasic calcium phosphate 
anhydrous (A-tab) lubricated with I weight percent magnesium stearate (DCP I MgSt) 
were used as the model materials for this study. 
Tableting 
Bilayer tablets were produced on a fully instrumented hydraulic compaction 
simu lator (Hux ley-Bertram) with a 9.525mm diameter standard concave punch geometry. 
All tablets were compacted with the upper punch and ejected to the surface of the table 
by the bottom punch. No external lubricat ion was used throughout the tableting process. 
Four different sets of bilayer tablets were produced which varied layer thickness and 
layer order of the tablet. Layer thickness was altered based upon the dimensions of the 
layers exterior surface in contact with the die wall. Due to the curvature of the punches 
the thickness ratio could not be kept constant throughout the entire cross section of the 
tablet; therefore, the external surface in contact with the die wall was used to dictate layer 
thickness. In other words, the masses were not the factor determining layer ratio but the 
physical dimensions of the tablet. Four different bilayer tablet configurations were 
produced and inc lude: I) MCC as the bottom layer with a 3:1 layer ratio of MCC to 
DCP I MgSt (DCP I MgSt biased thickness tablet), 2) MCC as the bottom layer with a 1:1 
layer ratio of MCC to DCPlMgSt, 3) DCPI MgSt as the bottom layer with a 3:1 layer 
ratio of DCPl MgSt to MCC (MCC biased thickness tablet) , and 4) DCPlMgSt as the 
bottom layer with a 1: l layer ratio of DCP I MgSt to MCC. Tablets were produced with 
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tamping pressures of approximate ly OMPa, 5MPa, I OMPa, and 20MPa and mam 
compaction pressures vary ing from I OOMPa to 500MPa in increments of approximate ly 
50MPa. 
2.3. Quantifying Tablet Failures 
Visual Inspection and Radial Expansion 
Immediate ly upon ejection from the die each tablet was visuall y examined 
(human eye) to determine if delamination or a crack had developed. This method of 
fa ilure detection is rather qualitative therefore additional techniques were employed to 
visualize tablet failure. Radial expansion measurements of each layer from die size were 
performed with a digital thickness gauge with resolution of one micron. 
Microcomputed Tomography 
A Skyscan 1172 microcomputed tomography machine was used to visualize the 
internal structure of bilayer tablets. Scans were performed at I OOkV and I OOf.lA with the 
use of a I mm AI filter and double wide acquisition al lowing for a resolution of 
1.5f.!m/pixel with an image size of 7936x2096 pixels. Due to the limitations in the 
vert ica l direction of the CCD sensor, images were only acquired along the interface 
region of the tablet. Scans were performed with the use of a I.Omm aluminum filter, 0.15 
degree step between images, I 0 frame averages, and a random movement of I 0 pixels. 
Total acquisition time was 50 hours. Acquired images were reconstructed with Skyscan 
software NRecon. 
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Scanning Electron Microscopy 
A Zeiss Supra 50VP scanning electron microscope (SEM) was used for imaging 
samples at an operating vo ltage between 6-8kY. Samples were coated with a Pt/ Pd target 
(80:20%) in Argon. The coating process lasted approximately 30 seconds with a 40 rnA 
current at a pressure of 0.04 millibar which produced a thin layer of metal about 7-8 nm 
thick over the entire tablet surface. 
2.4. Results and Discussion 
Prior work has shown that the origin of bilayer tablet failure upon ejection from 
the die may be attr ibuted to crack formation along the interface which leads to a 
reduction of the interfacia l strength, or in some cases, complete delamination between the 
two layers. Failure at the interface is a combination of several factors including material 
mismatch, stresses during unloading and ejection, interfacial roughness, and expansion 
from die size upon ejection. Therefore a necessary first step to understanding the origins 
of bilayer tablet faillure is to fully understand the nature of the powder compaction 
process with respect to the evo lution of material properties and stresses generated. 
One major poblem with bilayer tablets is material mismatch which arises from the 
differences in the material properties of each layer of the tablet. This is dependent upon 
relative density, which varies throughout the tablet as we ll as during the different stages 
of the manufacturing process. Stresses during compaction at a given axia l pressure are 
dependent upon the layer' s material properties. In addition, each material has a specific 
radial stress defined by its plasticity which changes during the compaction, unloading, 
and ejection stage of the tablet forming process. During compaction, each layer will 
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exhibit a different radial die wall stress which is dictated by the material 's properties 
which is a function of relative density achieved at a given axial pressure. Upon 
unloading, the height of each layer will change s li ghtly and the radial stress within each 
layer will be partially relieved . Consquently, each layer will still be subjected to a 
different radial stress after unloading. As the tablet is ejected from the die, the residual 
radial die wall stress will be relieved in the form of radial expansion from die size. The 
differences in the residual die wall stresses in combination with elastic mismatch will 
result in differential expansion of the two layers. The magnitude of expansion in the 
radial direction is a function of the residual die wall stress which remained upon 
unloading where a larger residual die wall stress will result in a greater expansion from 
die size. 
Unfortunately measurements of radial die wall stresses within each layer do not 
explicitly indicate whether cracking or failure will occur. In addition, when a curvature 
exists within the bilayer tablet the measurement does not give an accurate assessment of 
the stress distribution within the individual layer. The only method to understand stress 
distributions within the tablet upon unloading is numerical modeling. Sadly current 
numerical models can not accurately predict the radial die wall stresses upon unloading 
or throughout the ejection stage consequently leading to over prediction of radial 
expansion and inaccurate stresses. Therefore it is impossible to understand the evolution 
of stresses around the interface and gain insight into regions where crack formation may 
occur during these stages of the compaction process. Until numerical methods are 
improved , an experimental approach to understanding how processing parameters affect 
bilayer tablet integrity is the only feasible method to gain insight. 
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For the materia ls used w ithin thi s study, two oppos ite trend s in radia l expansion 
were obse rved as compaction pressure increased . Ex perim ental measurements of each 
layer's di amete r a fter producti on are shown in Figure 2 1 as percent ex pansion from die 
s ize, fo r the bil ayer tablet configurati on where layer thi cknesses were equal and MCC 
was the bottom laye r. Expans ion from die s ize for DCP I MgSt increased w ith increas ing 
main compacti on pressure whereas MCC decreased in expans ion w ith increas in g ma in 
compacti on pressure. T herefore as the main compaction pressure increases there is a 
greater di fference between layer di ameters. (Note that the same trend was observed fo r 
the other three tablet confi gurati on but not shown.) An increase in the di ffe rence in layer 
di ameters will increase the stress across the interface and if the stress is large enough, 
cracking or delaminati on may occur. Consequentl y it may be ex pected th at hi gher 
compaction pressures lead to a greater propensity fo r bil ayer tablet fa ilure because the 
di f ferences in diameter w ill be greatest in thi s materia l system. 
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Figure 2 I . DCP l MgSt and MCC diameter expansion as a function of main compaction 
pressure (bilayer tablet configuration of l: l thickness ratio with MCC as the bottom 
layer). 
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With higher compaction pressures leading to greater differences in layer 
diameters it may be hypothesized that bilayer tablets made to the highest compaction 
pressures wi II crack or de lam in ate upon ejection due to the larger stresses generated from 
this mismatch. Therefore in order to assess the integrity of bilayer tablets as a function of 
compaction parameters (tamping and main compaction pressures), tablets were visually 
inspected for cracking or delamination immediately after ejection from the die. Failures 
were categorized depending on the observed outcome of the compaction process. Tablets 
were categorized based upon the following visual observations: I) no sign of visible 
cracking, 2) cracking upon ejection which was located either at the interface of the two 
layers or within one of the layers, or 3) splitting or delaminated upon ejection. The results 
for the four sets of tablets over the entire experimental range of tamping pressures and 
main compaction pressures are shown in Figure 22. Each data point represents an 
individual tablet sample where the symbol color represents the observed outcome. 
The experimental results for the biased thickness tablets (Figure 22a and Figure 
22b) show a significant difference in the processing region in which tablets could be 
made without visible signs of cracking. For the case where DCPl MgSt is the thin top 
layer, tablets could only be made up to pressures of approximately 250MPa before signs 
of cracking became apparent. Above 250MPa almost every bilayer tablets split upon 
ejection from the die. The dashed red lines in Figure 22 act as guidance for the eye to 
show the transition between tablets that showed no visual signs of cracking to those 
which developed cracks and split. Above the red dashed line may be considered the 
region where bilayer tablets may be made safely and below represents the failure region. 
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Unlike the DCP I MgSt biased thickness tablets (Figure 22a), the MCC biased 
thickness tablets (Figure 22b), cou ld only be produced up to approximately I OOMPa 
before s igns of cracking became evident. Moreover, the observed mode of failure 
between the two biased thickness tablets was different. With DCPl MgSt as the thin top 
layer tablets split upon ejection from the die. However, when MCC was the thin top layer 
cracks formed below the interface at lower pressures and then along the interface at 
higher pressures without the occurrence of delamination over the entire ran ge of 
compaction pressures. 
Another interesting difference between the two biased thickness tablets was the 
effect in which tamping pressure had on observed cracking. For the case where 
DCPJ MgSt was the thin layer, the effect of tamping pressure was not monotonic. 
Intuitively it should be expect that increasing tamping pressure wi ll reduce the available 
surface area for the second layer to bond and thus decrease the interfacial strength 
between the two layers, as previously reported [89]. As a resu lt of reduced bonding, the 
ability for crack formation shou ld be easier and a reduction in the safe processing region 
with respect to increased tamping pressure should be observed. However for the bilayer 
tablets with DCP 1 MgSt as the thin layer, a slight increase in the safe production region 
was observed when the tamping pressure was increased from OMPa to 5MPa. At OMPa 
tamping pressure cracking was observed just below a main compaction pressure of 
250MPa, whereas for the 5MPa tamped tablets, cracking was observed just below 
300MPa. C learly a slight increase in the safe region is noticeable up to 5MPa where a 
maximum is reached and as expected the safe processing region decreases with 
increasing tamping pressure. In the case where MCC was the thin layer, an increase in 
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tamping pressure resulted In a lower main compaction pressure needed to estab li sh a 
crack a long the interface. 
In add ition to the effect that tamping pressure reduced the safe reg1on of 
production, it was observed that a much lower mam compaction pressure re ulted m 
tablet failure within the MCC biased thickness tablet compared to the DCPI MgSt biased 
thickness tablet. Despite having comparab le expansion beyond die size at the same main 
compaction pressure, the MCC thickness biased tablets failed at a much lower main 
compaction pressures. A possible explanation for this behavior lies within the fact that 
the expansion of the DCP I Mg t layer was slightly larger than the MCC layer at these 
lower compaction pressures. When the DCPl MgSt layer begins to emerge from the die , 
after the MCC layer has a lready been ejected, it wi ll pull on the MCC layer in an act to 
expand the MCC layer to match that of the DCP I MgSt layer diameter. As a result, the 
MCC layer and interface cannot accommodate the stress generated from the diameter 
differential and the tablets sp lit upon ejection. However in the opposite situation where 
DCPl MgSt was the biased top layer, cracking did not become evident until higher main 
compaction pressures. Consequently, the DCP I MgSt layer and interface could 
accommodate the higher leve l of stress before cracking became evident. 
When the layer thicknesses were increased from the biased ratio tablets such that 
the layers were equal , a very distinct difference in the process window was observed. 
Comparing plots ale and b/d in Figure 22 shows that producing tablets with an even 
thickness ratio greatly enhanced the region in which tablets could be made without 
visib le signs of cracks. For the case in which the MCC layer was increased in thickness, 
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the entire range of tamping and ma tn compaction pressures tested resulted in tablets 
w hi ch did not show any signs of cracking. When the DCP I MgSt layer was increased in 
thickness, it was not until very hi gh tamping and main compacti on pressure that cracking 
became evident. Therefore as layer thicknesses beco me equa l, the stresses generated due 
to expans ion may be accommodated and crack ing became less prominent. Upon 
comparin g plots c and d w ithin Figure 22 it was apparent that layer order affects the 
process in g region such that bilayer tablets with MCC as the top layer and equal thickness 
rati o present the most robust tablets over the entire range of compaction pressures. 
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Figure 22. Processing maps based upon visual observation for bilayer tablets. The inset 
tablet images represent the layer order and thickness (white layer is DCP l MgSt and 
yellow layer is MCC). 
In order to better visualize the magnitude of cracking in the bilayer tablet systems, 
microcomputed tomography scans of several different samples were performed. 
Microcomputed tomography offers the unique ability to examine the internal structure of 
a sample in a non destructive manner. In addition, there was no need for sample 
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preparation and scans were preformed under room temperature and humidity conditions, 
similar to that of production conditions. For the biased thickness tablets, samples were 
chosen at main compaction pressures just below the transition between no observed 
cracking and cracking, at each tamping pressure. For the equal thickness ratio tablets, 
samples were chosen at OMPa and 20MPa tamping and a main compaction pressure of 
approximately 200MPa. 
SMPa Tamping ; 
286MPa Mam I 
Figure 23. MicroCT reconstructions of curved MCC- DCPl MgSt tablets where MCC is 
the bottom layer and DCPIMgSt is the top layer (1 :3 ratio DCPlMgSt to MCC). False 
coloring was used to identify x-ray absorption differences. Yellow corresponds to the 
high absorption ofthe DCPlMgSt layer and purple corresponds to the low absorption of 
the MCC layer (the same color scheme will be used throughout the remaining images). 
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Figure 23 shows the reconstructed images from scans of the DCP I MgSt biased 
thickness bilayers (I :3 ratio of DCP I MgSt to MCC) where MCC is the bottom layer 
(corresponding to tablets comprising those shown in Figure 22a). Each of the tablets 
imaged did not show signs of cracking upon visual inspection after production. However, 
Figure 23a shows a very interesting result for the bilayer tablet which was produced at 
zero tamping pressure and 246MPa main compaction pressure. A crack developed within 
the interior of the tablet which did not reach the external edge of the tablet thus making it 
visually undetectable. The crack developed within the DCPl MgSt layer and follows the 
curvature of the interface before deflecting away from the interface and continuing 
through the DCP I MgSt layer where it arrests before reaching the surface. However for 
tablets made at zero tamping pressure and higher main compaction pressures than 
250MPa, the crack did proceed to the surface of the tablet thus resulting in complete 
delamination which was visually observed (Figure 22a above dashed line) . Interestingly 
as the tamping pressure is increased a noticeable crack did not develop within the center 
of the tablet or within the DCPI MgSt layer which may explain the slight increase in the 
safe production region beyond zero tamping as described previously. However, very 
small microcracking, as shown in Figure 23b-d , has developed along the interface on the 
outer edge of the tablets. Again, these cracks were not detectable upon visible inspection 
but under examination with microCT the cracks became apparent. In addition to the 
observed crack initiation site, microCT provides a clear evidence of decreased surface 
roughness with increasing tamping pressure. At zero tamping pressure the surface is 
undulated and tortuous but increasing the tamping pressures eliminates the surface 
disparities resulting in a smoother interface as seen with 20MPa tamping. 
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Figure 24. MicroCT reconstructions curved MCC- DCP 1 MgSt bilayer with DCP 1 MgSt 
as the bottom layer (I :3 ratio MCC to DCP 1 MgSt). 
Figure 24 shows the reconstructed images for the MCC biased thickness bilayer 
tablets. The tablets selected for scanning are representative of where cracks start to form 
along the interface as indicated from Figure 22b, red symbols at approximately 200MPa 
main compaction pressure. ln this tablet configuration, opposite to that seen in Figure 23, 
the crack has developed at the outer edge of the tablet and progresses into the DCP 1 MgSt 
layer. lnitially at zero tamping pressure there is a large crack opening at the interface 
between the two materials and the crack propagates into the DCP I MgSt layer. However, 
63 
as tamping pressure increases the crack starts to propagate along the interface before 
deflecting into the DCP 1 MgSt layer. Crack propagation along the interface becomes 
favorable with increasing tamping pressure because tamping reduces the surface 
roughness of the interface which reduces crack tip shielding. At zero tamping pressure 
the interface is irregular, yet as the tamping pressure increases, the interface becomes 
well defined; therefore crack propagation will follow along the interface prior to 
deflecting into the DCP 1 MgSt layer. Moreover, the angle at which the crack deflects into 
the DCP I MgSt layer and the length of the crack becomes less severe with increasing 
tamping pressure. Again, this may be attributed to the crack first propagating along the 
interface prior to deflecting into the DCP I MgSt layer. Finally, with increasing tamping 
pressure the size of the crack opening decreases such that it becomes almost undetectable 
upon visual observation. 
Figure 25. MicroCT reconstructions of MCC- DCP 1 MgSt bilayers where DCP1 MgSt is 
the bottom layer with equal layer thickness. 
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When the thickness of the MCC layer was increased from the configuration of 
Figure 24, crack propagation was different. The two tablets shown in Figure 24 are 
representative of the two data points (OMPa tamping - 204MPa main & 20MPa tamping 
and 198MPa main) shown in Figure 22d where no visib le cracking was observed upon 
ejection. However, for the zero tamping pressure tablet, Figure 25a, a smal l crack 
opening has developed at the interface and propagated just below the interface, traveling 
through the DCP I MgSt layer. When tamped to 20MPa, Figure 25b, the crack follows 
entirely along the interface and does not deflect into the DCP I MgSt layer. The reason for 
this being a reduction in crack tip shielding as a result of an increase in tamping pressure 
which smoothes the interface allowing for easier propagation of the crack. However, a 
very small layer of residual DCPIMgSt on the MCC layer exists, indicating that the crack 
propagates into and out of the DCPlMgSt layer and fai lure actually occurs through the 
DCP I MgSt layer. Jn both cases the crack propagates approximately the same distance 
into the tablet and both showed no visible signs of cracking upon inspection after 
production. 
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Figure 26. MicroCT reconstructions ofMCC- DCPlMgSt bilayers where MCC is the 
bottom layer and equal layer thickness. 
The biased thickness tablet configuration shown in Figure 23 was also altered 
such that the DCP 1 MgSt layer thickness was equal to the MCC layer thickness. 
Reconstructions are shown in Figure 26 for the zero tamping and 20MPa tamping tablet 
configurations. Small cracks were evident along the edge of both the zero and 20MPa 
tamped tablets as shown within the red boxes. But, as seen in Figure 22c, there was no 
visual sign of cracking at these conditions upon production. In both of the tablets shown 
in Figure 26 the crack propagates from the edge of the tablet along the interface and does 
not deflect into either layer. 
Figure 27 and Figure 28 show the results of scanning electron microscopy for the 
two biased thickness tablets shown in Figure 23 and Figure 24, respectively. Figure 27 is 
a compilation of SEM images of the same samples as those scanned with the 
microcomputed tomography for that DCPIMgSt biased thickness tablets. There was 
significant microcracking occurring within both the MCC layer and along the interface 
for all tamping pressures. The larger microcracks have an opening on the order of 13 J.lm 
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which is shown in detail within Figure 29 for the 5MPa tamped sample. The crack can 
clearly be seen separating the two layers along with a crack on the top surface of the 
DCP I MgSt layer. However, as described previously each of these biased thickness 
samples did not show visual signs of cracking upon production. Yet, as shown in the CT 
scan reconstructions, and now SEM , cracking is apparent for the 0, 5, I 0, and 20 MPa 
samples which emanated from the edge of the tablet. For the zero tamping tablet CT 
showed the crack forming within the DCPI MgSt layer, undetectable visually, but SEM 
shows that microcracking also exists on the surface. 
OMPa Tamp!ng ~ 
246MPa Mam 
5MPa Tamping 2oo~m 
286MPa Main 1---l 
10MPa Tampmg zoo~m 
290MPa Main 1-----l 
20MPa Tamping zoo"m 
250MPa Main 1--------1 
Figure 27. SEM images of biased thickness tablets with MCC as the bottom layer. 
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The M CC biased thi ckness tablets, same samples as those scanned w ith the 
mi crocomputed tomography, are shown in Figure 28 with startlingly di ffe rent result than 
that of Figure 27. For each tamping pressure a significant crack was apparent between the 
two layers. Thi s was in agreement w ith CT images ; however, the magnitude of crack 
opening was different. Crack openings were compared between mi croCT and SEM 
images for these samples (F igure 24 and Figure 28) . 
Figure 28. SEM images of biased thickness tablets w ith DCPI MgSt as the bottom layer. 
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For each tablet ana lyzed with in Figure 24, the SEM crack opening was larger 
than that of what was observed with the microCT as shown in Table 2. The cause of the 
increased crack opening within the samples imaged with the SEM was a result of the 
experimenta l conditions under which the images were acquired. High vacuum is 
necessary to image samples within the SEM and the high vacuum creates a very dry 
environment. As a result, the MCC layer which contains res idual moisture starts to lose 
moisture and begins to shrink. The shrinking of the MCC layer exaggerates the crack 
opening when compared to samples scanned with the microCT. The imaging 
env ironment withi n the microCT was equiva lent to ambient air conditions; therefore, 
minimal drying effects were seen. Drying also occurred within the tablets images in 
Figure 27 but it was manifested in a different form. The tablets in Figure 27 exhibited 
increased microcrack openi ng throughout the MCC layer but did not result in a large 
crack openings at the interface as seen within Figure 28. Ultimately, care must be taken 
when imaging tablets which are susceptible to moisture loss. 
Figure 29. Magnified interface region ofDCP1MgSt-MCC bilayer interface. 
Table 2. Crack opening measurements comparing SEM and microCT scanning 
techniques for the biased thickness tablets with DCP1 MgSt on the bottom. 
Crack Width Measurements 
Tamping CT Scan SEM 
No 81 J..lm ISO J..lffi 
5MPa 51 J..lffi 120 J..lm 
IOMPa 35 J..lm 100 J..lffi 
20 MPa 32 J..lm 80 J..lffi 
69 
70 
These results show that the crack initiati on site and delamination are dependent 
upon layer thickness and layer order for curved bilayer tablets. The extensive 
experimental framework along with di ffere nt microscopy techniques gives initial insight 
into how tamping pressures and main compacti on press ures alter the ori gin of cracking 
and severity of cracking. However, predi ctions of crack fo rmati on locati ons, opening, and 
size are not possible until numeri ca l modeling becomes reliable. ln order to trul y 
understand the cause of crack formation it is necessary to understand the evo lution of 
stresses throughout the compaction process, espec iall y during unloading and ejection. 
Limitations of current modeling prohibit thi s analys is and until thi s is achieved, 
experimentati on is the onl y path forward to prov ide the needed insight to make design 
dec isions for curved bilayer tablet production. 
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Chapter 3: Modeling of moisture transport in highly absorbing porous media with 
applications to pharmaceutical tablets 
3.1. List of Symbols 
D; - diffu sivity (m2/sec) 
r; - radius (m) 
k - Boltzmann Constant (m2 kg I s2 K 1) 
T - temperature (K) 
m - molecular mass (kg) 
Bi - Biot number 
I; - length (m) 
k;- mass transfer coefficient (m/s) 
V;- volume (m3) 
TCPV - total cumulative pore volume 
(m3/g) 
m5 - mass of the spec imen 
SSA- specific surface area (m2/g) 
RD - relative density 
P - tortuosity coefficient 
C; -concentration (kg/m3) 
Kn - Knudsen 
C~;O,air --concentration of water vapor 
in air at equilibrium (kg/m3) 
Ceq . f . H 0 solid -- concentration o water rn 2 ' 
solid at equilibrium (kg/m3) 
X - ratio of intrapa1ticle pores to 
interparticle pores 
a; - diffusivity adjusted by tortuosity 
(m2/sec) 
-r - time constant (s) 
£particle- porosity of particle 
cp - tortuosity 
~ - partition coefficient 
Pth - theoretical density of solid (kg/m3) 
Subscripts, i: 
1 - interparticle 
2- intraparticle 
12- interparticle to intraparticle 
2s - intraparticle to solid 
s- solid 
p - pore 
trans- transitional 
o- ordinary 
th - theoretical 
CT- computed tomography 
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3.2. Introduction 
The importance of moi sture transport into pharmaceutical materials is well 
recognized because it can affect process ing (flow [96] and tabletabi I ity [ 1 0]), properties 
(strength and tablet elegance [31 ]), and more importantly the efficacy of active 
ingredients [97-98]. More contemporary problems related to the effect of mo isture pickup 
during storage on the mechanical integrity of bilayer tablets highlight the importance of 
transient conditions over equilibrium. 
Early work examining the effect of moisture on pharmaceutical tablets made of 
microcrystalline cellulose, saccharose, and sodium chloride showed that elevated 
humidity over a prolonged period of time, multiple days, resulted in a decrease in tablet 
strength [66, 99]. Comparison of tablets produced at different compaction pressures 
showed that the kinetics of hydration slow down at higher relative dens ities [79]. In [81-
82], an experimental diffusion apparatus was constructed to examine moisture uptake in 
HOPE (non-water absorbing) and lactose (water absorbing) tablets , in an effort to probe 
the kinetic aspects of water absorption in pharmaceutical materials. In all these cases a 
single, effective diffusivity was measured and used to study the effect of microstructure 
and material on the diffusion kinetics. 
To date, there has not been a model presented to explicitly connect moisture 
diffusion into pharmaceutical tablets with microstructural details and individual diffusion 
mechanisms. Much of the difficulty originates from the fact that the pore size distribution 
reflects multiple length scales which are inherently difficult to couple mathematically. 
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With the interest of Quality by Design (QbD) in mind, the goal of this study is to 
deve lop a quantitative and predictive model to describe the overall mass uptake and local 
gradients of moi sture into tablets. This was accomplished by taking into account the 
detail s of diffusion mechani sms and the effect of tablet material and microstructure. The 
proposed model is based upon fundamental material propetiies and diffusion 
mechani sms. This work presents, for the first time, an analytical model , which accurately 
captures the mechanism of moisture diffusion through hi ghly adsorbing pharmaceutical 
tablets. The model does not rely upon averaged o r effective diffu sion mechani sms but 
material and geometric parameters which may be translated to any highl y adsorbing 
porous medium. With a known time constant, which is a function of material propetiies, 
the model provides a means to make design decisions without the need for extensive 
additional experimentation. Therefore, it provides a starting point for understanding local 
microscale mechani sms which dictate macrosca le behavior related to mo isture 
absorption, such as cracking and swelling. 
3.3. Theory 
The rate of water vapor diffusion through an absorbing porous body is s lower 
than through air because: 
• a direct geometric effect, that was recognized m the early seminal work of 
Maxwell in 1867 [53], 
• the effect of tortuosity, that was also recognized in [1 00] 
• the geometric confinement effects, due to small pore diameter, that can be 
understood using the Knudsen number, Kn 
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The Knudsen number represents the ratio between the mean free path of water vapor in 
air to the diameter of a pore [101]. For water vapor in air, the mean free path is 
approximately O.l!J.m at 30°C [49]. When Kn<<1, typically 0.2 or smaller, molecule-
molecule collisions occur more frequently than molecule-pore wall collisions, a situation 
that justifies the use of classical molecular diffusion. However, when Kn>5, the 
interaction between diffusing species and the pore wall delays the effective diffusion 
(Knudsen diffusion). For example, as expressed by the following equation [1 01] 
(3.1) 
which relates the Knudsen diffusion coefficient, Dk. to the pore radius, r, and 
temperature, T, with m representing the molecular mass of the diffusing species, and k is 
the Boltzmann constant. A transitional regime exists around Kn= I and may be described 
by a diffusion coefficient, which is representative of both mechanisms through equation 
(3.2) where D1rans is the transitional diffusion coefficient, Do is the ordinary diffusion 
coefficient, and DK is the Knudsen diffusion coefficient [55]. 
1 1 1 
--=-+-
Dtrans DK Do 
(3.2) 
In addition to molecular and pore wall interactions, the solid itself may allow for 
diffusion through the bulk. Diffusion of water vapor in a solid is drastically slower than 
the vapor phase through pores [60-61]. Depending on the rate of diffusion within the 
porous material , mass transfer from pore to material may be significant. Similar to 
analyses in heat transfer, there exists a Biot number for mass transfer which is defined as 
. f3kml 
Bl=--
D 
(3.3) 
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where km is the mass transfer coefficient from air to material , I is the length of the 
material ,~ is the partition coefficient which accounts for the difference in the equilibrium 
quantity of moisture in each phase, and 0 is the diffusion coefficient of moisture within 
the bulk material. When Bi<< l , the diffusion is mass transfer limited , while for Bi>> l , 
the process is limited by the diffusion through the bulk material. 
3.4. Numerical model 
Most porous media inherently contain a wide distribution of pore sizes that may 
span over several length scales from nanometers to microns. Porosity typically exists in 
two forms: pores which exist between particles, interparticle porosity, and pores that exist 
within particles, intraparticle porosity. Most often both have continuous size distributions 
that may overlap; however, it is possible for two distinct porosity regimes to exist. 
Jntroducing such continuous size distributions into numerical models is difficult. For 
most practical applications there are two separate populations of pores that correspond to 
interpmticle and intraparticle porosity [11 , 46]. ]n this work these two populations are 
considered distinct and each will be represented with an average pore geometry. For 
pharmaceutical powders typical intraparticle porosity is of the order of nanometers while 
interparticle porosity is on the order of microns. Geometrically these two types of pores 
are depicted in Figure 30 where the interparticle porosity is represented as the larger 
pores (unit cell 1) and the intraparticle porosity is represented as the smaller pores (unit 
cell 2). The interparticle pores are considered to occur only between particles. These 
pores are interconnected and percolate through the specimen. The intraparticle pores are 
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interconnected and percolate throughout the particle representing porosity only within 
particles. Tortuosity may be considered for both types of pores and addressed separate! y. 
The path of water vapor diffusion through the porous medium is indicated by 
arrows in Figure 30. Diffusion begins with the entrance of vapor at the interparticle pore. 
As vapor diffuses along the interparticle pore it also diffuses along the analogous 
intraparticle pores. Water vapor is also picked up by the solid material through adsorption 
as it diffuses along the intraparticle pore. At the same time diffusion occurs within the 
solid. 
L X 
1- interparticle pore 
2- intra particle pore 
s-solid 
Figure 30. Geometry of porous medium (not drawn to scale). 
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Water vapor diffus ion is dictated by concentration gradi ents in the vapor phase 
whereas uptake into the material is govern ed by the difference in concentration between 
intrapartic le pore and materi a l. The diffus ion of water through the material may occur 
both in the direction normal to the intraparticle pore and a long the length o f the particle. 
Three mass balances describe the diffusion process through the interpart ic le pore, 
intrapartic le pores, and so lid, as shown through equations (3.4-3.6) respective ly. 
(3.4) 
(3.5) 
(3.6) 
D represents the diffus ivity of water vapor in each respective region (m2/sec), V is 
volume (m\ C is the concentration of water per unit volume (glm\ and subscripts I , 2, 
and s represent interparticle pore, intraparticle pore, and so lid material , respectively. ¢ 
represents the tortuosity factor, kinter and kintra are the mass transfer coefficients (m/s) of 
water vapor from interparticle to intraparticle pore and intraparticle pores to so lid, 
respectively. The area a2 is the total area of all intraparticle pore openings along the 
length of the interpartic le pore. The surface area of the solid, as (m2), represents the 
surface area of the so lid only within the nanopores. ~ is a constant obtained from the 
saturation curve, which relates the equilibrium mo isture content in the so lid to that of ai r 
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at the g iven experimental conditions; a lso known as the partition coefficient mentioned in 
eq uati on (3.3) . 
The geo metri c constants of the mode l were determined as a function of density. 
T he thickness of the porous med ium was predefined by the dimensions ofthe sample and 
constant for each density. T he s ize of the particle was considered co nstant among 
di ffe rent density specimens. The remaining parameters, inc luding the interpart icl e pore 
radiu s, the intraparti c le po re radius , the total number of each type of pore, and length into 
the so lid were determined with add itional in format ion from reported mercury 
porosimetry measurements of specific surface area (SSA) [II , 46] and mi crocomputed 
tomography estimates of particle poros ity leading to estimates of total cumulative particle 
pore volume (TC PY). 
These parameters were determined in the following sequence: 1) size of the 
particle, 2) particle poros ity, 3) the radiu s of the interparticle pore, 4) the radius of 
intraparticle pores and the thickness of the so lid. 
Volume equi va lence was assumed in order to obtain an estimate of the length of 
unit ce ll I , which represents a s ingle partic le . U nit cell s were assumed to have a cubic 
shape. A volume re lationship between a cubic particle with a side of length L and a 
rectangular bar shaped partic le (representati ve of the materia l used wi thin this study) with 
dimensions l x l x a! is shown through equation (3.7) where l is the length of the short 
side of the bar and a is the aspect ratio of the particle. 
(3.7) 
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TCPV values were estimated from particle porosity measurement through equation (3.8) 
E . l TCPV = parttc e 
Pth ( 1 - Eparticle) 
(3.8) 
where Pth is the theoretical density of the material. With the assumption of a lattice pore 
geometry shown in Figure 30, the " radius" of the interparticle pore could be determined 
using the geometry of unit cell I defined through equation (3 .9) . Note from here forth we 
refer to the pore " radius" as equivalent to the cubic pore geometry. 
(3.9) 
Equation (3.9) relates the porosity of unit cell 1, £uc 1, to the volume of the interparticle 
pore in unit cell l , V 1, the volume of all intraparticle pores within the unit cell I, V2, and 
the volume of the entire unit cell I , Vuc 1 with the volume definitions shown through 
equations (3.10-3.12), respectively. Note that L=/ 1+2r1• 
(3.10) 
(3.11) 
(3.12) 
To detennine the radius of the intraparticle pore, r2, and the solid thickness, l5 , as 
shown in unit cell 2 within Figure 30, two equations were developed and solved 
simultaneously. The first ofthese equations, equation (3 .13), relates the estimated particle 
porosity, £particle, to the model geometry ' s particle porosity. Note luc2=/5+2r2. 
Vz 
Euc2 = Eparticle = V: +V = 
s 2 
l~c2 - l ~ - 6l~ r2 
lucz 
TCPV · m 5 
m 
-
5 +TCPV·m 
Pth 
5 
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(3.13) 
Experimentally, particle porosity was determined from total cumulative pore 
volume (TCPV - m3/g) and the volume of so lid (Ysolict- m3) assuming that particle 
porosity only arose from the intraparticle pores within the particles. The volume of the 
solid, Ys, was found by dividing the specimen ' s mass by the non porous theoretical 
density of the specimen, Pth· 
Equation (3.14) relates the experimental specific surface area (SSA- m2/g) of the 
specimen (RHS of equation (3.14)) to the model geometry 's surface area (LHS of 
equation (3.14)). The left hand side of equation (3.14) assumes that the entire surface area 
of the model is accounted for within the intraparticle pores and represents the ratio of the 
model surface area of the intraparticle pores within one unit cell 2 to the volume of unit 
cell2. The right hand side of equation (3.14) is the ratio oftotal specimen surface area to 
the cumulative volume of the solid and intraparticle pores. 
SSA · m 5 (3.14) 
(
ms + Eparticle · ms ) 
Pth ( 1 - Eparticle)Pth 
Equation (3.13) and (3.14) were solved to yield the evolution of intraparticle pore 
radius and length into the solid using the experimental values ofTCPV and SSA. 
With the size of unit cell 2 determined, the total number of intraparticle pores 
connected to the interparticle pore could be determined from equation (3.15). 
#UC2 24r1 l1 X - - -:-------:-::-
- interparticle pore - (l 5 + 2r2 ) 2 
(3.15) 
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The numerator of the RHS of equation (3.15) represents the surface area of the 
interparticle pores within one unit cell 1 and the denominator represents the surface area 
of one ofthe faces of unit cell2 . 
The two surface areas, a2 and a5, were determined usmg equation (3.16) and 
(3.17), respectively . 
(3.16) 
(3.17) 
The area of the intraparticle pores exposed along the length of the interpat1icle pore 
space, equation (3.16), was calculated based upon the ratio x and the area of the 
intraparticle pore. The surface area of the solid, equation (3.17), was determined based 
upon the surface area of the intra particle pores within a single unit cell 2. 
A tortuosity factor was introduced to take into account the complex path that 
moisture will follow due to the true pore geometry vis-a-vis the straight pore geometry in 
the model. A tortuosity value equal to one corresponds to a straight path. A tortuosity 
value greater than one accounts for the increased effective diffusive length over which 
moisture diffusion occurs within the porous specimen. An estimate of the tortuosity 
factor for parallelepipedal particles has been reported in the literature with the 
relationship shown in equation (3.18) [1 02]. The dependency of tortuosity on overall 
porosity, 1-RD, is shown through equation (3.18), where Pis a function of the particle 
aspect ratio. The term RD represents the relative density of the specimen, which may be 
defined as the ratio of specimen density in its current state to the density of the specimen 
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without porosity. The calcu lated tortuosity value was used for both the interparticle pore 
and intraparticle pore space. 
¢ = 1- Pln(l- RD) (3.18) 
A long with the geometric model parameters, several other material parameters 
must be defined. The diffusivity of water vapor in the interparticle pores was assumed to 
be eq ui va lent to the molecular diffusivity of water vapor in air at the experimental 
conditions . The diffusivity of water vapor in the intraparticle pores was calculated from 
the Knudsen equation, equation (3. 1 ). The mass transfer coefficients of water vapor in the 
interparticle pores and intraparticle pores were estimated as the ratio between the 
respective diffusivities and pore radii. The concentration outside the interparticle pore, 
C out w ithin equation 8a, was ca lcu lated as grams of water vapor per cub ic meter of air, at 
the testing condition which was determined from the saturation pressure of water vapor in 
air. The coefficient beta was determined from the equi librium moisture uptake observed 
experimentally and calcu lated through equation (3.19). 
c eq 
R = H20,air 
fJ c eq 
H20,solid 
(3.19) 
Beta shown in eq uation (3.19) is the ratio of the concentration of water vapor in air at 
equ ilibrium to the concentration of water in the so lid at equi librium . 
83 
3.5. Materials and Methods 
Materials 
Microcrystalline cellulose (MCC), Avice! PH I 02 (FMC BioPolymer), was used 
as the model material for this study. MCC is a purified product of wood pulp which is 
commonly used in the pharmaceutical industry as a binding agent. Specifically, Avice! 
PH I 02 has a nominal granule size of I 0011m with a distribution between 20 and 300flm. 
Tableting 
Flat faced cylindrical 25.4mm diameter tablets were made to one thickness (4mm) 
and three relative densities (60, 75 , 90%RD). Tablets were produced on an instrumented 
Instron screw driven press, without any internal or external lubricants, by single action 
compression in which the upper punch moved at a rate of 0.05mm/sec. The use of a slow 
compaction rate aids in reducing friction between powder and tooling which minimizes 
dens ity gradients throughout the tablet. The tablets were ejected from the die by the lower 
punch. Upon ejection, tablets were placed within a sealed glass beaker to limit exposure 
to variations of ambient laboratory humidity. Before testing, tablets were weighed and on 
an analytical balance with a resolution of 0.1 mg and measured using a digital thickness 
gauge with a resolution of I 11m. 
Moisture Uptake 
Prior to exposure at elevated humidity, tablets were dried in an oven with calcium 
sulfate desiccant, Drierite, at 60°C for 7 days. After drying, tablets were placed 
immediately within a sealed desiccator and reweighed before exposure to humidity. 
84 
T ransient humidity experiments were perfo rm ed at 30°C and 75%RH until equilibrium 
moisture uptake was achi eved. Tabl ets were sequenti a lly removed from the contro ll ed 
environm ental chamber thro ugh a s ide po rt in order m inimize relati ve humi d ity 
fluctuations within the chamber. Upo n remova l from the chamber, tab lets were 
immedi ate ly we ighed to minimize any loss of moisture to the laborato ry environment. 
Scanning Electron M icroscopy 
Surface features of mi crocrysta lline ce llulose were imaged w ith a Ze iss Supra 
50YP scanning e lectron microscopy. A source of I kV and working di stance of 6-7mm 
was used for micrograph acqui siti on. Sampl es were mounted on alum inum stubs, 
attached w ith carbon tape, and sputtered w ith a pl atinum-pa lladium target. Sputte ring was 
perfo rmed at a pressure of 0.04mbar and a source current of 40mA. A depositi on time of 
30 seconds produced a thin layer of metal approx imately 7nm thi ck. 
Microcomputed Tomography 
A Skyscan 11 72 mi crocomputed tomography machine was used to examine the 
internal poros ity of tablets. Secti ons of tablets were scanned us ing a source of 60k V and 
167!-tA. Images were acqui red us ing the CCD camera setting of 4000x2096 pixels at 
1.9)lm/pixe l w ith 6 frame averages, I 0 pixe l random movement, and a rotation step of 
0.15degrees resulting in a total scan time of 7hrs. ]mages were reconstructed w ith 
Skyscan software NReco n and poros ity anal ys is within CTAn. 
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3.6. Results and Discussion 
The interpa1tic le radii were determined from equation (3.9) with definitions 
shown in eq uat ion (3. 1 0-3.12) as outlined in the numerical model sect ion and are shown 
in Tab le 3. Particle porosity was estimated from microcomputed tomography (microCT) 
scans of tablets and used within equation (3.1 1) to estimate TCPV. Due to the resolution 
limitations of the microCT very sma ll internal porosity could not be imaged; however, 
this was used as an advantage. Pores less than approximate ly 6!J.m could not be resolved 
with the microCT thus contributing to part of the solid phase upon reconstruction. 
Therefo re measurements of so lid fraction using the m icroCT were larger than that of the 
actua l tablet. For 60%RD and 90%RD tablets the so lid fract ion measured with microCT 
was 69.9% and 91.0%, respectively. Usi ng these va lues an est imate for particle porosity 
was cou ld be obtained through equation (3.20): 
RDcr- RDmeasured 
Eparticle = 
RDcr 
(3.20) 
Values for particle porosity are shown in Tab le 3 with 75%RD est imated to lie between 
60%RD and 90%RD. T01tuosity was est imated using equation (3.18) for an aspect ratio 
of I :5, particle thickness to length and a P value of 1.6 [1 02]. The calculated interpmticle 
radii correlate well with the large interparticle pores shown in the SEM images shown in 
Figure 3 1. 
86 
Table 3. Model parameters. 
Parameter 60%RD 75%RD 90%RD units 
!spec 4.0 4.0 4.0 mm 
L 68.4 68.4 68.4 micron 
£particle 14.1 7.6 1.1 % 
TCPV 1.07£-7 5.34E-8 7.22E-9 mo/g 
<p 2.5 3.3 4.8 -
HgSSA 5.1 4.2 3.3 m2/g 
rl 12.46 9.49 6.33 micron 
rz 37.9 23.8 4.28 nm 
II 43.48 49.42 55.75 micron 
Is 245.1 234.3 130 nm 
Dp/0 1 2.6E-5 2.6£-5 2 .6E-5 mL/sec 
Dz l.OE-5 9.5E-6 1.7E-6 mL/sec 
Kn 1.3 2.1 11.7 -
Equations (3 .13) and (3.14) provided a means to calculate the evolution of the 
intraparticle pore radius and the length of the so lid with respect to density. Table 3 shows 
the intraparticle radii and length into the solid using the corresponding Hg SSA values 
obtained from literature [ 11, 46] and TCPV estimated from microcomputed scans. The 
total distance between intraparticle pores is approximately 200nm-300nm which 
correlates well with the distance between pores seen within the high magnification SEM 
image of MCC powder shown in Figure 32. The thin needle shaped rods seen in Figure 
32 are the semi-crystal line domains of MCC. These domains are considered rectangular 
in shape with dimensions of 40nm wide, 40nm high, and 200nm long [62] . 
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Figure 31. Surface pore structure of a) 60%RD, b) 75%RD, and c) 90%RD tablets. 
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Figure 32. SEM image of MCC particle showing nanoporosity and nano crystalline 
structure of the material (loose powder). 
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With the geometry of the porous spec1men determined , the other model 
parameters were found for the experimental conditions of 30°C and 75%RH. The 
diffusivity within the interparticle pore was set to that within air, with a va lue of 
D1=2.6E-5m2/sec [I 03]. From the di scussion above, this is a reasonable assumption 
because the mean free path of water vapor in air is approximately 0.1 ~un at 30°C and with 
an interparticle pore diameter much larger than O.IJ . .Un there will be a negligible Knudsen 
effect. The diffusivity of moisture within the intraparticle pores was calculated via 
equation (3. 1) and dependent on the radius. Intraparticle pore diffusivity for 60%RD, 
75%RD, and 90%RD tablets was calculated as 1.5E-5m2/sec, 9.5E-6m2/sec, and 1.7E-
6m2/sec, respectively. The respective mass transfer coefficients were calculated based 
upon the radii of the pores and the respective moisture diffusivities. The partition 
coefficient, beta, was determined from equation (3.19) where the equi librium moisture 
uptake of water into MCC was determined from experiment and the equi librium 
concentration of water in air at 30°C and 75%RH was 22.5g/m3. A beta of 1.826£-4 was 
used with in the model. 
The full set of equations (3.4-3.6) does not have an analytical solution. However, 
an approximate analytical so lution was pursued to provide compact and easy to use 
insight to the problem. Such an analytica l solution is possible under the following 
assumptions: 
1. Diffusion of moisture along the intraparticle pore is much faster than diffusion 
along the interparticle pore. Estimated diffusion time (t~f / Di) along the length 
of the intraparticle pore is on the order of microseconds whereas diffusion along 
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the length of the interparti cle pore is on the order of a second. Thi s all ows for 
conso lidati on of equations (3 .4&3.5) into one. Thi s assumption implicitl y ignores 
the dependence of 0 2 on r2 and assumes that the entire surface of the material is 
ava il able for moisture transfer immediately. 
2. Di ffusion into the solid is very fas t so that a saturation va lue is reach practicall y 
immediate ly, t~O. I seconds. Given that the di ffusion into the intrapart icle pore is 
fas t, a single pa rameter can be used to defin e the concentration of moisture in the 
intraparti cle pore and the so lid. 
The model equations may now be rewritten as : 
(3 .21) 
acs = kpas (c _ {JC ) 
at V5 p s 
(3.22) 
where V p=Y 1+V2• The initial and boundary conditions may be written as: 
I.C.s : 
(3.23a) 
(3 .23b) 
B.C.s: 
( ) _ acp l _ Cp O, t - Caut and Dp - -0 
dy y= l 
(3 .24a) 
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C5 (0, t) = C': and D5 acsl = 0 dy y=l (3 .24b) 
The solution of this system of equations is shown in Appendix I. The solution for the 
concentration of water in the solid is shown in equation (3.25) with the model parameters 
defined in the appendix . 
= cr: 
00 
'\' 2C': (cos(nrr)- 1) . (nrry) -~w 1 t ( (1 ~) + L rrn sm 2l e 2 cosh zt~wl- Wz 
n=l 
(3.25) 
The form of equation (3.25) is complex and may be appropriately simplified as outline in 
the fol lowing section. 
Development of the simplified analytical solution: 
With the definitions in the appendix and values li sted in Table 3, w 1 ~109sec- 1 
and w2 ~104sec- 1 . Thus, for w1>>w2 the term wd.Jwf.- wi is approximately equal to 
one and may be eliminated from equation (3.25). The hyperbolic cosine and sine 
functions may be transformed using the relations: cosh z = 1/2(ez + e-z) and sinh z = 
1/2(-e-z + ez). Upon substitution into equation (3.25), the fo ll owing simplified 
equation is developed, equation (3.26). 
00 f 2C': (cos(nrr) - 1) . (nrry) -~t( we jwi-w~) C5 (y,t) = C5 + L rrn sm 2l e (3.26) 
n=l 
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Equation (3.26) has a distinct time constant which is dependent upon w 1 and w2 . 
Time constant approximation: 
The most beneficial aspect of the analytical solution is the knowing the exact form of the 
time constant. Letting 1 represent the overall time constant of the problem: 
2 (3.27) 
Rearrangement of the square root term and usmg a first order approximation for 
.j1- wVwi = 1- w~fwi/2 the time constant may be rewritten as: 
(3.28) 
Using equations (A.I3-14), equation (3.28) can be rewritten as: 
(3.29) 
The time constant may be viewed as a combination of three separate terms. The 
first term, ¢(2222 , represents the limiting case of {3 ~ oo, the time constant of the problem D1 n rr 
in which the material is non-absorbing (NAB), e.g. this represents the time for moisture 
diffusion only through the pore space, TNAB· 
¢(2l)2 
TNAB = 2Dln2rr2 (3.30) 
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The second term, equation (3.29), is representative of the materials ability to absorb 
moisture (AB). Appropriately this factor increases the time constant shown in equation 
(3.29) by a factor proportional to the materials relative density , RD, and ability to absorb 
moisture, beta. 
TAB = ( 1 + {3( 1 R_!! RD)) (3.31) 
Several limiting cases to the absorbing time constant are pertinent for discussion . 
Considering the extreme case of low relative density, RD=O, is indicative of an absence 
of material thus making the absorbing portion of the time constant one. As a result the 
time constant of the model is solely representative of a diffusion process through air. On 
the other extreme, RD= I, the absorbing time constant approaches infinity. Clearly as RD 
approaches unity the pore space for which diffusion occurs is eliminated and there is no 
possibility for mass transfer of moisture to the material. As a result the material will take 
an infinite amount of time to absorb moisture. 
The third term of the time constant is representative of the contribution from the 
intraparticle geometry. For all practical values of V5, kp, a5, and ~ thi s contribution IS 
negligible compared to the absorbing and non-absorbing time constant. 
lis 
Tgeometric = -k f3 
pas 
(3.32) 
The benefit of understanding the time constant and the fundamental material 
parameters which alter the time constant facilitates knowledge based design decisions. 
For example, rate of uptake has a direct relationship to the tablet thickness and the ability 
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to choose a tablet geometry to suit a specified time constant is possible without further 
experimentation. Moreover, the significance of understanding the form of the time 
constant becomes apparent when a material may be sens itive to moi sture. Knowing the 
partition coefficient of the material allows for the poss ibility to tune the time constant to a 
des ired valued. From the viewpoint of design decisions this is an extremely powerfu l 
result beca use minimal additional experiments are needed in order to make a deci sion to 
achieve a desired effect. 
With the form of the time constant known, an understanding of the rate of a 
moisture uptake into the tablet may be acquired prior to performing any experiments. 
Using equation (3.29), values in Table 3, the characteristic time, the time to reach ~63% 
of uptake, for each RD tablet is approximately 2,500seconds, 7,000seconds, and 
30,000seconds for the 60%RD, 75%RD, and 90%RD tablets respectively. Upon plotting 
equation (3.26) along with the experimental results , shown in Figure 33, we see a very 
accurate estimation of the characteristic time of diffusion based upon the model 's time 
constant. The model parameters used for each density correlate with those shown Table 
3. The model accurately captures the uptake process over the entire time to reach 
equilibrium for each relative density tablet. As evidenced from the time constant analysis 
an increase in RD would result in a larger time constant and thus a longer time to reach 
equilibrium. This effect was observed experimentally and capture through the model. 
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Figure 33. Simplified analytical so lution plotted with experimental data for 60% RD, 
75%RD, and 90%RD tablets (30°C and 75%RH). 
Limitations to the analytical solution 
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The analytical solution does differ from the experimental results during the early 
stages of moisture absorption for the 90%RD tablet. The cause of thi s deviation lies 
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within the assumption that the mechanism of diffusion within the intraparticle pore IS 
instantaneous and comparable to that of the interparti cle mechanism. However, as the 
intrapa1ticle pore radius reaches a certain diameter the analyt ica l so lution approx imation 
is not va lid. The transition away from the ana lytica l so lution may be explained through 
the Knudsen number. The Knudsen numbers for the radii li sted in Table 3 are 1.3, 2. 1, 
and 11.7 for 60%RD, 75%RD, and 90%RD, respectively. As discussed prev iously there 
is a transitional regime in which the Knudsen diffusion mechani sm is characteristi c of 
both ordinary (v iscous) diffusion and Knudsen diffusion. This occurs at Knudsen 
numbers between 0.2 and 5. For the 60%RD tablet with a Knudsen number of 1.3 the 
assumption of both the intraparti cle pore and interparticle pore mechani sm being 
identical may be justified because the Knudsen number presides within the transitional 
regime. The agreement between analyti ca l so lution and experiment for 60%RD is good. 
However, as the density of the tablet increases to 90%RD, the agreement between the 
analytical so lution and the experiment falters . Thi s is a result of the Knudsen mechanism 
becoming significant. The Knudsen number for the 90%RD tablet is 11.7 which is we ll 
beyond the transitional region of the Knudsen mechani sm thus entering the regime of 
truly becoming a Knudsen diffusion process. Therefore, the intraparticle pore diffusion 
mechanism is significant and must be taken into considerati on. Consequently, the 
analytical so lution may only be valid for smaller Knudsen numbers. 
Several other limitations to the applicability of the analytical so lution exist. The 
analytical so lution will become invalid when the length of the particle reaches a 
significant length such that the diffusion process along the particle can no longer be 
considered instantaneous. In this case a concentration grad ient of moisture wi ll develop 
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along the length of the particle. Analogous to thi s limitati on is the limitati on of the length 
ofthe so lid. An increase in the unit cell 2 dimension which increases the length into the 
so lid , such that diffusion into the so lid is not fast , will prove the analyt ica l solution 
in va lid . Aga in, a concentrati on gradient will deve lop with in the so li d in va lidating 
assumption 2. Another limitati on to the analytica l so lut io n ari ses if the material has a 
very large abili ty to hold moisture. In thi s situation the material will draw in very large 
amounts of moisture thus creating large gradients within the interparticle pore and 
intraparticle pores. Therefore, in order to accura tely describe the diffusion processes in 
these situati ons it is necessary to relax the assumptions made fo r the analyt ica l solution 
and so lve the complete set of model equations numeri ca ll y in all three spati al dimensions. 
Model benefits 
Knowing the spatial gradients of moisture within porous medi a allows fo r a better 
understanding of how moisture may affect other mechanisms which are direct results of 
the moisture uptake process. For example, it is commonl y observed that many materi als 
swe ll , crack, or even delaminate, within multilayer systems if exposed to elevated levels 
of moisture. This is extremely important in the context of pharmaceuti cals where 
powders such as starches [27, l 04], cellulose [30], and other food powders [1 05] have 
shown significant equ ilibrium moisture adsorption capaciti es. Moreover, it has even been 
shown that humidity has the ability to alter powder fl owability [96], compress ibility [I 0], 
and the resulting mechanical strength of tablets produced from powders exposed to 
different levels of humidity [1 4, 31, 106-107]. But little information ex ists on how the 
transient moisture adsorption mechanism affects the integrity of tablets. Thi s has 
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significant implication with respect to many different tablet systems capable of adsorbing 
moisture. Understanding and predicting the transient uptake and spatial gradients of 
moisture within tablet systems is absolutely necessary because of the adverse affects that 
transient exposure of humidity may have on tablets. This idea can be realized from 
prev1ous reports where the efficacy of the active ingredients was altered by moisture 
uptake [I 08-1 09], or in the case of bilayer tablets, may lead to differential swelling and 
splitting of the tablet [36, 85]. 
Furthermore, transient uptake of humidity into tablets has profound implications 
towards the stability of tablets during storage. Storage conditions can range from high 
levels of humidity during post production, to low levels while in packaged containers, or 
ambient conditions, where the level of humidity may vary drastically. Within the 
pharmaceutical industry, accelerated testing at elevated temperatures and humidity, 
typically 40°C and 75%RH, is performed to evaluate the changes in physical and 
chemical stability of a tablet [II 0]. Accelerated testing creates a situation which 
decreases the testing time necessary to determine if a tablet is suitable for the long shelf 
life in which it may experience only moderate changes in environmental conditions such 
as humidity and temperature. However, it is not entirely clear whether accelerated test 
accurately predicts tablet stability over many months of moderate conditions. Moreover, 
the conditions at which accelerated testing occur drastically affect the rates at which 
diffusion occur and, in addition, affects the materials capability to absorb moisture. For 
instance, the diffusion of water vapor in air is directly related to the temperature of the air 
with the dependency of faster diffusion with higher temperature [I 03]. It has also been 
shown that the diffusivity of water in cellulose membranes increases with increasing 
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temperature [Ill]. A lso, the material s ability to absorb mo isture w ith increas ing 
temperature decreases [ 13]. The combination of changes in the rate of phys ical 
mechani sms w ith temperature a long w ith the changes in mechani cal properti es of the 
tabl ets presents an interesting argument whether a direct corre lation between acce lerated 
testing and actua l she lf life conditions ex ists. T he mode l presented prov ides the means to 
verify the potenti a l appl icabi I ity of acce lerated testing because parameters such as 
diffu sion coeffici ents, mass transfer, and partition coeffici ents all may be a fun cti on of 
temperature. With the deve lopment of a mechani cal mode l to determine the propensity of 
tabl et fa ilure in conjuncti on w ith the present diffu sion mode l, the acce lerated test may be 
justified. 
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Chapter 4: Understanding the effect of environmental history on bilayer tablet 
interfacial shear strength 
4.1. Introduction 
The development of bilayer tablets has provided new methods to more effectively 
deliver one or more therapeutics over a prolonged period of time as opposed to the 
conventional single layer tablet [36, 86, 88]. Despite the clinical benefits of administering 
bilayer tablets , production , physical stability, and mechanical integrity are nontrivial 
issues which must be better understood. To date very few studies exist on the mechanical 
characterization of bilayer tablets. An early study in 1990 performed by Karehill et al. 
showed the decrease in axial tensile strength of bilayer tablets with increasing first layer 
compaction pressure (tamping pressure) for several mechanically different materials, e.g. 
plastically deforming materials and brittle fragmenting materials [89], and attributed this 
observation to the reduction of bonding surface area and adhesion between layers [89]. 
Jnman et al. in two complementary studies found similar results for bilayer tablets made 
of two layers microcrystalline cellulose [33 , 35]. More recently, Wu and Seville 
measured the diametrical strength of bilayer tablets made of lactose and microcrystalline 
cellulose with that of tablets made from a powder mixture of the two materials. [34]. 
Anuar and Briscoe evaluated the interfacial relaxation of bilayer tablets upon die ejection 
and found increased interfacial bonding at higher compaction pressures allows for more 
robust tablets [93]. More recently Podczeck reported on the delamination tendencies in 
bilayer tablets system. Podczeck suggested that thermal stresses caused from compaction 
and elastic material mismatch between layers can result in tablet delamination. In 
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addition, a fracture toughness test was utilized to examine the fracture behavior of the 
bimaterial interface [95]. 
All prior work has focused on the strength of bilayer tablets immediately after 
compaction and ejection. An impot1ant aspect which has not attracted any attention yet is 
the effect of moi sture absorption on the strength of bilayer tablets due to exposure to hi gh 
moi sture environments. The effect of humidity on pharmaceutical materials in general 
has been copiously examined within the literature and several phenomena have been 
recognized such as, changes in the flowability of powders [96], changes in the 
compressibility and tens ile strength of powders exposed to e levated humidity prior to 
compaction [I 0, 13-14, 31 ], and changes of the mechanical integrity of the tablets stored 
at various humidity conditions over a prolonged period of time [112]. 
The goal of this study is to understand the effect of post production environmental 
conditions on the interfacial strength of bilayer tablets. Bilayer tablets were exposed to 
several humidity conditions higher and lower than the production conditions. In this 
paper, we present experimental results of the evolution of shear strength of bilayer tablets 
exposed to different humidity environments and specific failure mechanisms were 
observed using x-ray computed tomography and scanning electron microscopy. We 
propose the hypothesis that transients in the moisture diffusion in and out of bilayer 
tablets with significant moisture absorption characteristics are responsible for the 
reduction of bilayer tablet strength in both high and low moisture environments. The goal 
of this study is to develop a mechanistic understanding of bilayer tablet strength 
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reduction as a result of post production environmental conditions. This insight will be 
useful for material selection and packaging of bilayer tablet systems. 
4.2. Materials and Methods 
The work presented here is based on a model bilayer system that consists of a 
hygroscopic material , microcrystalline cellulose, Avice! PI-ll 02 - (MCC), and a non-
hygroscopic material , dibasic calcium phosphate anhydrous with I% by weight 
magnesium stearate lubrication (DCPI MgSt). Bilayer tablets were produced on a fully 
instrumented compaction simulator. Relative humidity during production was controlled 
at approximately 25%RI-I. Flat faced 9.525mm diameter bilayer tablets were produced at 
22MPa tamping pressure and 200MPa main compaction pressure. Tamping and main 
compaction pressures were chosen to represent realistic production parameters which 
would provide sufficient interfacial strength without defects such as cracking. 
Microcrystalline cellulose was the first layer filled via a gravity hopper. The MCC layer 
was tamped via the upper punch upon which dibasic calcium phosphate dihydrate was 
filled via a stirred gravity hopper, thus comprising the second layer. A compaction speed 
of approximately l20mm/min was used throughout tableting. Compaction profiles were 
executed to maintain constant dimensions for the second layer (2mm), and total tablet 
thickness (4mm). In addition, the main compaction step was performed using double 
action compaction where both upper and lower punches moved so that the interface of the 
bilayer tablet would remain almost flat. The displacement of each punch was estimated 
based on the expected relative density of MCC and DCPl MgSt at 200 MPa. A flat 
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interface improves the reliability and objectivity of the shear test used to evaluate the 
strength of the interface as discussed below. 
To assess the interfacial strength of the bilayer tablets a shear testing device was 
used. One half of the bilayer tablet was placed within the lower portion of the device 
while ensuring that the interface coincides with the shear surface. Interface alignment 
along the shear axis can be achieved by looking through a small window on the device . 
Upon positioning the lower and upper half of the tablet was secured by the threaded 
screws. The samples were loaded until failure in a CT5 diametrical compression 
(Engineering Systems Inc.) machine with a reso lution of 0.1 N and a loading rate of 
2.5mm/sec. Shear strength (055) was calculated by 
p 
(J = --
ss rrr 2 (4.1) 
where P was the load to failure and r was the radiu s of the die, 4.7625mm. 
The sensitivity of the measured shear strength on the exact placement of the 
bimaterial interface in the shear device was examined in [113]. Misalignments in which 
the shear plane was biased into the MCC layer by 1 00-200 microns has been shown to 
result in a slight increase in shear strength, approximately 10%, whereas a misalignment 
into the brittle DCPJMgSt layer showed a negligible effect on interfacial strength. 
In order to examine the effect of environmental history on bilayer interfacial shear 
strength four different history conditions were examined and are listed in Table 4. 
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Table 4. Environmental history testing conditions. 
Testin2 J.D. Condition 
Initial Post production - no prio r exposure 
75%RH 30°C and 75%RH for 2 days 
55%RH 30°C and 55%RH for 2 days 
Drying 30°C and ~ 1-2% RH for 2 days 
Cycle 30°C and 12hrs intervals at 55%RH and 35%RH for 2 days 
Dry then 55%RH 30°C and O%RH for 2 days then 55%RH for 2 days 
Prior to environmental exposure tablets were weighed using a microbalance with 0.1 mg 
resolution and measured for thickness and diameter of both layers with a micrometer of 
I j..liTI resolution. The measurement of the diameter was made close to the free end of each 
layer. Tablets were then placed within an environmental chamber were humidity and 
temperature were maintained at constant set points of 30°C and 55% or 75% RH within 
variation of +/-2.5%RH and +/-1 °C. In addition a set of tablets were exposed to 
extremely low relative humidity, ~2%RH, which was created by placing a container of 
anhydrous calcium sulfate in the chamber throughout the exposure time. After each 
testing point, tablets were removed from the environmental chamber, reweighed, 
measured , and immediately tested in shear. Specific attention was made to minimize time 
in which tablets were outside the controlled environment in order to minimize any 
changes in tablet mass and dimensions. 
To ensure that the bilayer tablets had reached equilibrium, a series of experiments 
were performed in which the weight as well as axial and radial strain ofMCC single layer 
tablets (9.525mm diameter and 4mm thick) was measured throughout the time to reach 
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equilibrium upon exposure to 30°C and 75%RH. Figure 34 shows the transient uptake of 
MCC single layers for 90%RD tablets which correspond to the density of the MCC layer 
in the bilayer tablets . The same trend was observed in the single layer tablets, as with the 
bilayer tablets, in which the axial strain was nearly four times greater than that of the 
radial strain [14]. In addition, the time to reach equilibrium was approximately 2000 
minutes which lies within the 2 days (2880minutes) time that the bilayers were exposed. 
The transient strain measurements provide insight into the time constant of moisture 
diffusion into the porous tablet. Parallel work presented within chapter 3 has shown that 
the time constant for moisture diffusion in a low aspect ratio tablet may be related 
through the following equation: 
4¢h2 ( RD ) 
T = 2 2 1 + --::-:-( --..,-) Dintern rr f3 1 - RD (4.2) 
Where cp is the t01tuosity factor, h is the tablet thickness, Dinter is the diffusion within the 
interparticle pore space, RD is the tablet relative density, and ~ is the partition coefficient 
dictating the amount of moisture absorbed within the material. Using equation (4.2), an 
effective diffusivity may be established for the bilayer tablet system where Derris defined 
through equation ( 4.3). 
Dinter 1 
Deft - ¢ ( RD ) 1 +{3(1-RD) 
(4.3) 
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Figure 34. Transient a) weight gain , b) axial strain, and c) radial strain ofMCC single 
layer tablets exposed to 30°C and 75% RH (inset shows the initial stages of weight gain 
and expansion). 
With the use of the effective diffusion coefficient defined through equation ( 4.3), 
an idea of the transient moisture gradients within the MCC layer may be rea lized. For 
instance, after just 5 minutes of exposure the distance in which moisture has traveled 
w ithin the tablet is on the order of several hundred microns. However, after 500 minutes 
of expos ure moisture has traveled approximate ly I mm into the tablet thus creating a large 
moisture gradient which spans from the surface of the tab let to the center. Consequently, 
a swe lling gradient develops with in the tablet. Only after several days of exposure does 
the moisture gradient subside and the tablets reach equilibrium. Diffusion anisotropy may 
also be taken into consideration through equation ( 4.3). Accounting for differences in 
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tortuosity with direction provides an estimate of the diffusion anisotropy. In the case of 
MCC tablets compacted to 200MPA the ratio of axia l tortuosity to radial tortuosity has 
been reported as approximate ly 2 [I 14 ]. Consequently, in calcu lating the estimated 
diffusion distance after a given time it shou ld be expected that moisture will travel less in 
the axia l direction then the radial. In addition , DCP I MgSt absorbs very little moisture at 
75%RH thus resu lting in an effective moisture diffusion coefficient similar to that of 
moisture in air. 
4.3. Results and Discussion 
4.3.1. Strength measurements 
The bilayer interfacial strength at equilibrium is plotted in Figure 35 against the 
external relatively humidity. The strength of the tablets after production is also included 
in this diagram with a relative humidity of 25%, which corresponds to the controlled 
humidity of the lab where the compaction (and the storage of the powders before the 
compaction) took place. 
The bilayer tablets exposed for two days at 75%RH and the tablets which were 
dried then exposed to 55%RH each showed a large interfacial crack upon removal from 
the chamber. In both cases the interface immediately failed upon handling and resulted in 
complete separation of the two layers. The MCC layer for both sets of tablet had residual 
DCP I MgSt on the interface but coverage was minimal , not forming a continuous layer. 
For the remaining environmental conditions ana lyzed there was no sign of interfacial 
cracking or cracking within a single layer after exposure. However, upon testing in shear 
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the interface broke c leanl y a long the interface and in each case there was res idua l 
D CP I MgSt on the MCC layer, s imilar to that previ ously menti oned. 
These results show that the shear strength of bil ayer MCC/DCP I MgSt tab lets is 
s ignificantl y reduced from its level after producti on both for tabl ets ex posed to hi gh 
re lati ve humidity and for tablets ex posed to a near dry atmosphere. A lthough it is not 
poss ible to cla im that th~ max imum of the strength is exactly at the conditi ons of 
producti on of the tablets, it is very clear that e ither higher or lowe r re lati ve humidity 
atmospheres lower th e shear strength of the tablets. In order to understand the effect of 
the re lative humidity on the strength of bilayer tablets we need to understand the 
parameters that affec t the ir strength and the effects of re lati ve humidity on the tablet. 
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Figure 35. Bilayer interfacial strength verse diametrical strain differential for each 
environmental testing condition. 
4.3.2. Differential diametrical expansion from die size 
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Upon ejection from the die each layer of the bilayer tablet expands from the die 
size. Figure 36 shows an x-ray backshadow of a bilayer tablet after production along with 
a magnified detail of the edge to emphasize the difference in diameter of the two layer. It 
is evident from the x-ray backshadow that the DCP1 MgSt has a larger radius compared to 
the MCC layer. Measurement of the two layers close of the free end with a precision 
micrometer gave an expansion from die size of the order of l% (+/-0.2) for DCP1 MgSt, 
while only 0.3% (+/-0.1) for microcrystalline cellulose. 
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Figure 36. Initial dimensions ofMCC- DCPI MgSt bilayer tablet with magnified radial 
edge to demonstrate the diameter difference upon ejection from the die. 
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At the end of compaction and pnor to unloading each layer is subjected to 
different radial stress which is dependent on the material at the specific density. For the 
main compaction pressure of 200MPa used throughout this study, the final density of 
each layer was approximately 90%RD (relative density) for the MCC layer and 60% RD 
for the DCP I MgSt layer. At these conditions MCC has a Young's modulus of 6 GPa and 
Poisson ratio of 0.25 while the corresponding values of DCPI MgSt are I 0 GPa and 0.1 
respectively. The radial die wall stress at the end of compaction can be measured by a 
wall sensor and was approximately equal to 130MPa for the MCC layer and I 05MPa for 
the DCPl MgSt layer. After unloading the upper punch and prior to ejection, the radial die 
wall stress is partially relieved. The MCC layer retains a die wall stress of - I OMPa 
whereas the DCP I MgSt retained a die wall stress of approximately 45MPa. These results 
together with the observed expansions from die size are summarized in Table 5 for MCC/ 
DCPI MgSt bilayers are well as individual single layer tablets from each material all 
pressed at 200 M Pa. A I so presented in Table 5 are the predictions from an elastic 
analysis. 
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Table 5. Die wall stress during compaction and after unloading with corresponding 
expansion from die [48]. 
Max radial Residual Wall Expansion from die 
wall stress Stress 
Experimental Exp . Prediction Exp. Prediction Prediction 
Reference: Reference: Reference: 
compaction compaction Unloaded 
state state state 
MCC alone 110 10 43 0.15% 0.54% 0.13% 
MCC in 130 13 - 0.2% - -
Bilayer 
DCP1MgSt 115 45 93 0.9% 0.84% 0.4% 
DCP1 MgSt in 105 42 - 0.8% - -
Bilayer 
The di screpancy between experimental observations and elastic predictions is at 
least partially caused by a nonlinear behavior in unloading, also observed in [115-116]. lt 
is poss ible that non revisable deformation also occur during unloading and ejection. 
While the failure of the elastic relations to predict expansion from die size is noted, it is 
important to focus on the difference in diametrical expansion from die size between the 
two layers. This differential expansion is the origin of residual stresses that develop 
within the bilayer tablet. Experiments in single layer tablets of MCC and DCPlMgSt 
exhibited similar levels of diametrical expansion (.36% and 1.0%). This comparison 
indicates that the strain differential between the two layers results in the development of 
residual stresses mostly close to the interface. 
A direct prediction of the residual stresses in a bilayer compact requires an 
analysis for the whole compaction, unloading, ejection sequence. Given that the linear 
elastic models perform poorly during unloading, we attempted to estimate the residual 
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stresses based on the experimentally observed res idual wa ll stress after unload ing. 
Starting from a uniform relative density equal to the relative density of single layer 
tablets at 200 MPa, and a uniform radial stress in each layer equal to the experimenta ll y 
measured value within the die, we used a linear elastic mode l to fo ll ow the deve lopment 
of res idual stresses when the bilayer tablet is removed from the die . The predicted 
res idual stresses within the bilayer tablet upon ejecti on are shown in Figure 37 (a-c) . 
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Figure 37. Axisymmetric FEM model of stress distributions within the bilayer tablet upon 
ejection ofthe die; a) S33 , b)S12, and c)S22. Top layer is MCC and the bottom layer is 
DCP I MgSt, left edge represents the radial surface of the tablet and the right edge 
represents the axis of symmetry (legend units of Pascal). 
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The mode l results clearly show a distinctl y oppos ite stress di stribution within each layer 
upon ejection. The DCPl MgSt layer, which expanded more than the MCC layer, is in a 
state of compress ion whereas the MCC layer is in a state of tension as expected by the 
diametrica l strain differenti al of the two layers. The largest stresses are si tuated close to 
the interface as alluded to earli er and shown in Figure 37a. The radi al stress Srr is 
equivalent to S33, which is also equiva lent to S II because of the axisymmetric analysis 
uti lized. Stresses shown in Figure 37b shows the mode of loading which is imposed due 
to the differential expansion of the materi al. Figure 37c shows the stresses in the ax ial 
direction, S22, which will be superimposed on the stresses resul ting from transient 
swelling. 
4.3.3. The effect of differential moisture absorption on diametrical strains of each 
layer in the bilayer tablet 
Moisture pick up by MCC results in significant swelling of the material, while the 
opposite effect occurs if the tablet is subjected to a dry environment. Figure 38 shows the 
ax ial and radial strain increment for the MCC layer after equilibration at diffe rent levels 
of externa l re lative hum idity. The reference state for the strain increment is the side of the 
MCC layer in the bi layer tablet after producti on. Figure 38 shows only results for the 
MCC layer because the DCPIMgSt layer exhibited negli gible change upon exposure. In 
addition, the equilibrium magnitude of strain shown in Figure 38 deviates slightl y from 
that of transient single layer measurements shown in Figure 34 because the MCC single 
layer tablets were dried prior to exposure. It was assumed that the init ial amount of 
moisture within the MCC layer was equivalent to equi libration of the tablet at 25%RH, 
which is confirmed by the interpolation of the results. Exposure to different humidity 
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conditions resulted in significant swelling and shrinking anisotropy. The axial to radial 
strain ratio was approximately 4 for each of the different humidity conditions. The origin 
of the observed swelling and shrinking anisotropy arises from a combination of particle 
orientation during the compaction process and the specific sites of water adsorption as 
described in [14]. 
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The strain increment from exposure to different humidity conditions is 
superimposed to the initial geometry of the tablet. Therefo re drying of the tablet 
exaggerates the differential expansion between the MCC and DCPl MgSt layers, whil e 
exposure to higher humidity reduces the different and at very hi gh va lues of relative 
humidity reverses the sign of the diametrical strain differenti al. Figure 39 shows the final 
di ametrical strain differential upon completion of environmental test ing. 
( dDCP lMgSt - dM CC ) 
l:!. Ediametrical = d * 100 
die 
(4.4) 
For thi s result the reference point is the size of each layer within the die before 
ejection (i.e. , the di ameter of the die). 
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Figure 39. Diametrical strain differential upon equilibration to different levels of relative 
humidity. An " ideal" condition would correspond to no diametrical stress 
differential and is marked with a green square in the graph above. 
From a pure geometrical point of view, an increase in the diametrical strain 
differential, as seen in drying, should increase the level of residual stresses and should 
decrease the strength of the tablet, in agreement with the experimental observations of 
Figure 35. The opposite is expected when the tablet is exposed to humidity higher than 
the one characteristic of the production. Swelling of the MCC will decrease the 
diametrical strain differential between the two layers, until an " ideal" level of humidity is 
reached. For relative humidities higher than this level, the swelling of the MCC is so 
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large, that the diametrical strain differential changes sign (MCC diameter is larger than 
the diameter of DCP I MgSt). It appears that if swe lling negates the differential expansion 
from die size, it should be beneficial to the strength of the tablet. This concept is not 
confirmed by the experiments. There are many possible effects that need to be considered 
in order to explain thi s discrepancy: (a) the effect of moisture on the elastic properties of 
the two layers (b) the effect of viscoelastic relaxation , (c) a direct effect of moisture on 
the strength of MCC and (d) the possibility that the transient rather than the equilibrium 
of moisture absorption plays a role in the determination of the strength. 
The direct effect of moisture on the viscoelastic properties of MCC has been 
examined in [117] . The storage modulus was a function of water content. The storage 
modulus was constant up to 5%w/w water content (equivalent to MCC in equilibrium at 
RH=50%) and then drops to 40% of the original value at a moisture content of 7%w/w 
(equivalent to MCC in equilibrium at RH=70-75%). In addition to the direct reduction of 
modulus, increased water content may affect the viscoelasticity ofMCC. Results from the 
literature [ 1 1 8-1 19] indicate that characteristic relaxation time for MCC is of the order of 
seconds. Therefore any relaxation of the internal stresses due to viscoelasticity will be 
realized effectively immediately for the range of experiments performed here. 
Intuitively, both the reduction of modulus and viscoelastic relaxation should decrease the 
level of residual stresses at high humidity, a tendency that is not in line with the 
experimental observations. 
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4.3.4. The effect of transient moisture absorption upon exposure to high relative 
humidity 
Before we exp lore the role of moisture transport transients 111 the strength of 
bilayer tablets, it is important to mention that there is the characteristic time of moisture 
diffusion into the tablets is much larger than the characteristic time of viscoelastic 
relaxation for MCC. Therefore, moisture uptake is limited only by diffusion and there is 
no constraint by the viscoe lasticity of the material on swe ll in g. Furthermore the stresses 
that exist before or develop during moisture absorption are affected by the fully relaxed 
viscoe lastic properties of MCC. 
A schematic of the stresses generated within the bilayer tablet due to the uptake of 
moisture is shown in Figure 40 at a time prior to equi librium. Upon absorption of 
moisture within the MCC the surface layer is expose to moisture will swe ll and expand 
almost instantaneously whereas the center of the MCC layer is stil l not subjected to 
increased moisture and wil l not shrink. At the same time, while moisture will diffuse into 
the DCP 1 MgSt layer (faster than it will diffuse into MCC), the volume of this material is 
not affected by the presence of moisture in its pores and the dimensions will remain the 
same. The swelling of the surface of the MCC layer reduces the difference in diameter 
between MCC and DCPl MgSt, and this it reduces any residual stresses associated with 
this geometric issue. Therefore if the material close to the interface at the free surface has 
been ab le, through plastic deformation of diffuse, to avoid crack formation after ejection, 
exposure to higher level of humidity will further reduce the stress locally and an 
interfacial fracture at this point is avoided. The partial penetration of the swelling front, 
however, induces additional stresses within the MCC layer. The MCC material close to 
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the outer surface attempts to swell but it is constrained by the unchanged core where the 
moisture retains its original level. This constraint results in compressive stresses close to 
the surface with a direction parallel to the free su rface. These stresses are balanced by 
corresponding tensile stresses in the core of MCC laye r. At the interface close to the ax is 
of rotational symmetry of the tablet, the tensile stress is normal to the interface and 
increases the potential for mode I loading (tensile opening) of the interface. 
The magnitude of the internal tensile stresses is a function of the material 
properties upon absorption and the degree of swelling. Noting that in general bimaterial 
interfaces are weaker in mode I versus mode I I (shear load ing) [ 120], it is not a surpri se 
that although the tablet does not initially due to the differential diametrical expansion 
from the die size, may be susceptible to mode I cracking due to transients in the moisture 
diffusion within the tablet. 
In order to confirm that the origins of interfacial strength reduction were caused 
by transient moisture and stress gradients within the bilayer tablet leading to interfacial 
cracking as outlined above, tablets were imaged during moisture uptake within a x-ray 
computer microtomography machine (Skyscan 1172). 
Figure 41 shows a sequence of x-ray images of the bilayer tablet exposed to 
75%RH and ambient temperature. The DCPl MgSt layer appears as the darker grayscale 
material and the MCC layers appears as the lighter grayscale material due to different 
levels of x-ray absorption. The humidity was controlled using a Watlow F4S PID 
controller. Initially, as shown in Figure 41 a/b, there is no evidence of cracking throughout 
the tablet or along the interface. A clear boundary exists between the MCC and 
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DCP I MgSt layer. After 15 minutes of exposure at 75%RH a crack opens along the 
interface of the bilayer tablet, as shown in Figure 41 c. The crack is very subtle but the 
arrows indicate the opening of the crack. The crack expands along most of the interface 
but does not extend through the exterior surface of the tablet. The opening of the crack 
took shorter than I minute that was the interval between images at that time of the 
experiment. After 15 minutes of exposure, moisture has diffused approximately 200 
microns into the tablet which is clearly much less than the distance required to reach the 
interface, approximately 2mm. Therefore, as a result of moisture uptake, material 
relaxation, and swelling, a transient stress gradient has formed within the tablet. The 
tensile stresses developed due to this process occurring at the center of the tablet were 
large enough to initiate a crack along the interface. However, when the tablet was 
removed from the experimental conditions after 15minutes of exposure there was no 
evidence of a crack along the interface upon visual inspection. Therefore unbeknown to 
the observer a crack may develop within bilayer tablet system upon swelling which may 
not be detectable from traditional visual observations. 
After 4.5hrs of exposure the crack has opened approximately 50 m1crons as 
shown in Figure 41 d. At this point the crack has propagated closer to the interface but 
instead of following the interface to the edge of the table, the crack has deflected into the 
DCP I MgSt layer. Here the crack has continued through the DCP1 MgSt layer and to the 
surface of the tablet. Upon 15 hrs of exposure the crack has opened such that the interface 
is no longer in contact at the right edge of the tablet shown in Figure 41 e. 
Therefore the experimental observation of failure in MCC/ DCPIMgSt tablets 
exposed to high humidity, is entirely consistent with the hypothesis presented earlier that 
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the transients in moisture absorption is responsible for the reduction of strength, which is 
manifested through the opening of cracks at the interface between the two layers under 
the surface of the tablet. 
Swelling front I itial shape 
--------1 
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I 
Figure 40. Stresses generated upon swelling of the MCC layer (red arrows indicate tensile 
stresses and black arrows indicate compressive stresses). 
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a) t=O min 
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d) t=4.5 hrs 
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Figure 41. Crack development upon exposure to 75%RH. a) t=Omin, b) t=Omin, c) 
t= 15m ins, d) t=4.5hrs, and e) t= l5hrs. (Lighter grayscale layer - MCC, darker grayscale 
layer - DCP I MgSt) 
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Figure 42. Attenuation profile across interface after 15minutes of exposure to 75%RH. 
Figure 42 shows the x-ray attenuation values across the crack after 15 minutes of 
exposure. The green and red lines represent the region where the attenuation values 
across the interface were analyzed. From the inset plot, the crack opening can be 
distinctly identified. The plot starts within the MCC layer which has an attenuation value 
of approximately 112. As the profile approaches the interface there is a dip in the 
attenuation. The first trough represents the residual DCP lMgSt that has remained 
attached to the MCC layer. Then there is a slight increase in attenuation which represents 
the crack opening at the interface. Below the crack the attenuation value decreases to a 
final value of approximately 50 within DCP I MgSt layer. 
4.3.5. The effect of transients during drying of bilayer tablets 
An analogous situation occurs when bilayer tablets are subjected to drying 
environments. During exposure to low humidity, the surface of the MCC layer will lose 
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moisture and shrink. Figure 43 depicts the situation where moisture is lost from the MCC 
layer and the resulting stress state within the bilayer tablet. As a result of the loss of 
water, the dimensions of the MCC layer will decrease both in the axial and radial 
directions. The diametrical strain differential between the two layers will further increase 
and create a shear stress state close to the bimaterial interface on the surface of the tablet, 
which is more severe than that of the original state of the tablet. In addition, the drying 
front, which advances into the MCC layer, separates MCC into two regions, a shrinking 
regiOn close to the surface and an intact region in the core of the tablet. The internal 
region opposes the shrinking of the outer layers creating a state of tension within the 
partially dried region with direction parallel to the surface. As in the previous case this 
tensile stresses are balanced by compressive stresses in the center of the tablet. 
The interface fracture is caused by a combination of the increased shearing (mode 
II) of the bimaterial interface on the surface due to the enhanced diametrical strain 
differential and the superimposed tensile stresses in the same area due the transient state 
of the drying of the MCC layer. 
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Figure 43. Stresses generated upon drying of the MCC layer (red arrows indicate tensile 
stresses and black arrows indicate compressive stresses). 
To confirm the location of cracking upon drying, bilayer tablets were examined 
within the scanning electron microscope (SEM). Due to the high vacuum conditions 
within the chamber, moisture is lost by the material resulting in shrinking. Note that 
drying experiments were attempted within the microcomputed tomography machine but 
lack of spatial resolution limited the early detection of cracking. Figure 44a-c shows the 
progression ofthe interfacial crack opening along the radial edge of the bilayer tablet due 
to the loss of moisture. Initially a very small crack opening may be seen which travels 
along the entire interface. lt is possible that this crack appears within the time interval 
between the placement of the sample in the SEM and the beginning of the observation. 
After several minutes the MCC layer starts to shrink in the radial direction and the crack 
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opens farther in a mode II manner. However, after an hour of drying the two material s 
separate significantly resulting in a large crack opening along the interface in a mode I 
mode. The crack penetrates through the tablet and along the interface . The presence of 
the crack on the interface and the combined mode I and mode II of the crack opening are 
in full agreement with the suggested hypothesis, di sc ussed above. 
The experimental results show that swe lling stresses as a result of moi sture uptake 
negatively affect the interfacial strength . However, understanding the direct effect of 
moi sture on the interfac ial strength is important. For example, in the case of swe lling, 
moisture may transport through the DCP I MgSt layer and reach the interface prior to 
crack formation. The reason moi sture will reach the interface quickly is a result of 
diffusion within the DCP I MgSt layer being faster than MCC. DCPl MgSt does not 
absorb significant quantities of moisture thus allowing for a larger effect moi sture 
diffu sion coefficient. Therefore, interfacial cracking may be the combination of moi sture 
affecting the interface and swelling stresses. 
In an effort to distingui sh between these two cases a series of experiments were 
performed in which the DCPI MgSt layer was sealed with polytetrafluoroethylene tape. 
The tape acts as a barrier to hinder diffusion of moi sture through the DCPlMgSt layer 
and only allow for moisture transport through the MCC layer. This will effectively 
increase the time it takes moisture to reach the interface and reduce the possibility of 
moi sture affecting interfacial strength . Experiments with the sealed DCPlMgSt layered 
showed exactly the same crack formation as was seen without the sealed layer. In 
addition, the time for internal crack formation despite the hindered diffusion of moisture 
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was the same. Conseq uent ly, moisture affecting the interfacial strength is minimal and 
the true cause of cracking is a result of swelling stresses. 
To further va lidate the argument that moi sture does not affect interfacial strength 
and swelling stresses are the result of interfacial cracking, a series of experiments were 
conducted with bilayer MCC tablets. MCC bilayer tablets made to the same conditions 
and dimensions as the MCC-DCPI MgSt bilayers were exposed to 75%RH within the 
microCT. Jn this situation moisture diffusion wi ll be slow in both layers because of 
MCC's abi lity to absorb moisture. It was found that crack formation within the MCC 
bilayer tablets was the same as the previous tablets and the time to reach crack initiation 
was equ ivalent. This demonstrates that swelling stresses, opposed to moisture, are the 
cause of crack initiat ion within bilayer tablets. From these experimental results it should 
be expected that bilayer tablets made of simi lar materials, which have the ability to 
absorb large quantities of moisture, wi ll fail in a sim ilar manner. 
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Figure 44. Drying of bilayer tablet examined through SEM (layer left of crack is MCC 
and right is DCPlMgSt). a) t=Omin, b) t=30min, and c) t=55min. 
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Chapter 5: Conclusions and Future Work 
5.1. Conclusions 
The work of thi s thes is has combined experimental , theoretical , and numerical 
techniques to better understand aspects that affect bilayer tablet integrity. Processing 
parameters affecting curved bilayer tablets has been probed with the use of various 
techniques examining interfacial cracking patterns . A model describing the transient 
transport of moisture in porous media has been developed which is based upon 
fundam ental material properties and diffus ion mechani sms. Finally, the effect of various 
environmenta l storage conditions on bilayer tablet strength has been examined and a 
mechanism for interfacial cracking has been proposed and experimentally verified. 
The experimental results presented for curved bilayer tabl ets are the first of its 
kind. It has been demonstrated that processing conditions significantly affect tablet 
integrity and crack initiation site for curved bilayer tablets. In general, increasing the 
tamping pressure reduces the magnitude at which the main compaction pressure may be 
performed in order to produce tablets without visible cracking. However, altering layer 
thickness and layer order drastically alters the processing window. Moreover, changing 
layer thicknesses and order also affects the observed crack initiation site. It has also been 
shown that an increase in tamping pressure can cause cracks to travel along the interface 
prior to deflecting into one layer of the tablet. 
The basis in which bilayer tablets were deemed acceptable upon production was 
decided upon visible observation. Clearly this method for determining cracking within 
bilayer tablet systems must be reconsidered. Visual inspection cannot be the only method 
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to characterize bilayer tablet integrity as shown by internal crack initiation and 
microcracking which are only revealed upon examination with microCT and SEM. Since 
interface integrity is paramount to bilayer tablet strength and integrity, the methods of 
production and examination of quality must be probed more thoroughly. 
Moreover, caution should be taken when bilayer tablets are produced because 
unseen internal cracking may be evident without visible detection as was seen throughout 
this work. Unseen internal cracking at the interface or along the interface will bias any 
further testing methods or processing of bilayer tablets. In addition, bilayer tablets 
containing cracks that are not visibly detected will alter post production mechanical 
testing methods used to characterize strength. Therefore, thorough characterization and 
knowledge of the effect that production parameters have on interfacial cracking is 
mandatory prior to further tablet characterization. 
The first step in understanding the relationship between moisture absorption and 
bilayer tablet cracking is to understand the mechanisms of moisture diffusion in porous 
media. The model presented provides for the first time a method to analyze the transient 
uptake of moisture into any pharmaceutical material with the knowledge of only a few 
fundamental material parameters along with a limited set of experiments. The analytical 
solution provides a means to understand how specific material parameters affect the time 
constant of the process and provides guidance for material selection. In addition, the 
model is based on material and physical parameters which can be calculated based on 
porosity, not empirically fitted constants. Moreover, there exists the potential for any 
number of boundary conditions to be analyzed for a single material making the model 
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highly advantageous when examining low humidity conditions which may take multiple 
weeks to equi librate. Properties within the model are consistent with a constant 
temperature which in most practical storage conditions will not be constant. However, the 
model does provide the possibility to have dependencies of variables such as diffusivity, 
equi librium moisture content, and mass transfer with respect to temperature . Ultimately, 
the model provides the means to futther analyze coupling between different mechanisms 
which are moisture dependent in a way which will encompass much more detail based on 
the microstructural detai I of the material. 
Final ly experimental results were presented on the variation of interface strength 
with varying environmental conditions. The results demonstrate that any deviation in 
env ironmental conditions from production may have adverse affects on bilayer tablet 
interfacial strength. Ideal ly any post production process should be performed at a 
humidity level which is representative of the moisture content of the material. With this 
in mind, materials may be selected appropriately to minimize loss of moisture upon 
drying or uptake of moisture. In addition, guidelines for tablet storage may be developed. 
For example, storage of tablets in dried conditions (e.g. silica gel desiccant) or tablets 
kept at a constant humidity predefined by the material ' s initial moisture content. 
Moreover, due to the relatively short time for large crack development, which is 
undetectable upon visual inspection, it is important to consider testing conditions upon 
characterizing bilayer tablet integrity after processing. Since the presence of cracks has a 
profound effect on the strength of bilayer tablets, measurement techniques to analyze 
bilayer strength may be biased as a result of unknown cracks. Moreover, preconditioning 
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of samples prior to testing may result in internal crack formation thus misrepresenting the 
true strength of the tablet's interface. 
5.2. Future Work 
The work of this thesis combined with future work will provide a more complete 
experimental and theoretical framework for the pharmaceutical industry to use in order to 
make physics based design decision for bilayer tablet systems. The future work needed to 
reach thi s goal may be sp lit into several different areas: 
I. Application of the multi sca le model to predict different materials of different 
particle morphologies, various testing conditions, tablet shapes, and anisotropy of 
the pore space. 
2. Further examination into the effect of humidity on bilayer tablet strength. Studies 
will examine different materials and tablet curvature in which interfacial strength 
will be measured via a tensile test rather than shear. Moreover, further tests at 
different humidity and temperature conditions are needed to better interpret the 
applicability of accelerated testing. Experimentation must be performed in a 
systematic manner in order to accurately differentiate the individual contributions 
of elevated temperature and humidity. 
3. Finite and discrete element modeling of tablet compaction, unloading, and ejection 
must be improved in order to better understand how compaction parameters affect 
residual stresses within the tablet after production. Moreover, OEM provides the 
possibility to predict tablet strength development due to particle-particle contact 
during compaction which cannot be achieved within FEM. Finally, incorporation 
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of a damage model, either in FEM or DEM, to predict crack ing as a result of the 
compaction process and moisture absorption will aid in understanding the 
observed reduction in interfacial strength within bilayer tablet systems. Either 
modeling approach will aid in understanding the stresses which contribute to 
bilayer tablet cracking, whether it be during production or the absorption of 
moisture. 
4. In order to accurate ly predict cracking in bilayer tablet systems, efforts should 
begin to focus on the fracture toughness and fracture energy of the bimaterial 
interface and the development of an appropriate testing method to analyze this 
material property. Fracture toughness/energy will have to be known as a function 
of material properties and moisture content for FEM based models. In addition , 
surface energy measurements of particle-particle interactions are needed in order to 
accurate ly app ly contact laws within OEM . Moreover, mechanical properties of 
particles must be measured with the use of atomic force microscopy or 
nanoindentation. Ultimate ly these models wil l add in predicting and analyzing the 
observed experimenta l results of bilayer tablet cracking. 
5. Efforts shou ld be made to further understand the evolution of particle porosity with 
respect to compaction pressure via a combination of experimenta l techniques 
including N2 BET, Hg porosimetry, microCT, and nanoCT. 
5.2.1. Continuation of Moisture Modeling 
The current multiscale model strictly considers one model material. To determine 
if the model is app licable to other pharmaceutical materials, a series of simi lar moisture 
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absorption tests should be performed with large diameter (25.4mm) tablets compacted to 
a thickness of 4mm. Tests should be performed with tablets compacted to 60%RD, 
75%RD, and 90%RD to verify the dominating effect of tablet porosity on the uptake 
process. Different materials will provide the flexibility not only to change the absorption 
capabilities but also particle morphology, swelling, relaxation , and possibility dissolution 
as a result of moisture uptake. Several candidate materials include starch, lactose, 
hydroxypropylcellulose, cellulose ethers, or sugar alcohols. 
Additional experimentation should also be performed to access the applicability 
of the multiscale model for different materials and the mixture of several different 
materials. A simple law of mixture may be used to determine the pa1iition coefficient of 
the powder mixture as shown through equation (5.1) 
(5.1) 
where ~i is the partition coefficient and Xi is the mass fraction of component " i" of the 
mixture. In addition, these absorption experiments should be performed at several 
different humidity conditions to better understand the transient nature of the uptake 
process with respect to external humidity. For example, the current model assumes a 
linear relationship between equilibrium moisture content and external %RH, but transient 
uptake experiments at several different humidity values will access the validity of this 
assumption. Ultimately the partition coefficient should be a function of the external 
humidity condition. 
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Moreover, experiments at different temperatures but constant humidity should be 
performed. This will provide the basis for understanding the relationship between 
temperature and transient uptake. Currently the time constant of the analytical model 
does not have a direct temperature correlation. However, moisture diffusion and the 
partition coefficient are both functions of temperature. Experimentation at different 
temperatures compared with the time constant of the model at different temperatures will 
access the applicability of the model to be used over a range of temperatures. 
Another set of experiments should look at altering particle size. For instance, the 
analytical solution to the multiscale model predicts particle size independence for any 
tablet density. Obviously there must be an upper limit to the size of the particle in which 
the uptake process becomes dependent on particle size. When the particle size reaches a 
critical length the analytical solution will no longer be valid. Therefore, a series of full 
numerical models may be performed with different particle lengths to assess the patticle 
size limitation of the analytical solution. An indication of the critical particle length in 
which the analytical solution is no longer valid may be achieved by comparing the 
transient uptake curves between different sized particles when solved with the full 
numerical analysis. Once the solution begins to deviate from the small particle uptake 
curve with increasing particle size, the critical limit has been reach . To test this 
experimentally, particle size may be altered by sieving raw powder of the same material. 
Moisture uptake experiments on large diameter tablets made of the different particle sizes 
will be used to verify the results of the numerical solution. This set of experiments is 
important because pharmaceutical powders may be chosen to have a specific particle size 
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or range of particles sizes to control the transient uptake process. Knowing the 
dependency of the uptake process on particle size will allow for better material selection. 
Another important aspect of the model which must be explored is the effect of 
pore space anisotropy. Currently, the model assumes uniform porosity along the axial 
direction of the tablet such that the radial direction of diffusion is negligible. Tablets 
should be made to bias the radial direction (very tall and thin cylindrical tablets). This 
will reduce the contribution from the axial direction of diffus ion and focus on the radial 
direction of diffusion such that this direction is dominating for moisture uptake. The 
difference in direction will be represented through a different tortuosity value within the 
model. Uptake experiments biased in this direction, combined with previous experiments, 
will provide an anisotropic tortuosity value in which interparticle tortuosity is dependent 
on direction. Knowledge of the dependence of the absorption process on pore tortuosity 
will allow for predictions of tablets with different shapes and curvatures. An FEM model 
may be used to incorporate anisotropic tortuosity and diffusion for complex tablet shapes 
and allow for predictions of transient moisture uptake. 
Several other factors should also be examined. 
I. Pa11icles may be chosen that have very little or zero internal porosity. In this 
situation Knudsen diffusion will have to be considered at every RD tablet. 
Moreover, this creates the potential for diffusion through the bulk material to 
be the rate limiting factor of the moisture uptake process. In both cases, the 
numerical model should be validated against experimental results for these 
types of particles. 
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2. Materials which exhibit viscoelastic behavior should be examined. In one case 
the uptake process may be limited by the relaxation of the polymer particle 
and further uptake will not result until relaxation has been achieved . Another 
interesting experiment should look at the uptake process in a material where 
the diffusion time constant and relaxation time constant are on comparable 
time scales. In this case a relaxation-diffusion model may need to be 
implemented in order to accurately capture the transient uptake process. 
3. Finally, a material which dissolves upon exposure of moisture should be 
examined. A candidate material may be sugar alcohols which will go into 
solution after a cettain level of saturation is reached. Understanding how the 
uptake process changes with dissolution and incorporating this effect into the 
model should be examined. 
5.2.2. Bilayer tablet experimentation -Environmental effect on interfacial strength 
The first goal of the bilayer tablet future work should be focused on elucidating 
whether, 1) moisture affects the bonding at the interface thus causing a weaker interface 
or 2) the reduction of interfacial strength is solely caused from swelling stresses 
generating interfacial cracks prior to moisture reaching the interface within the MCC-
DCPIMgSt bilayer tablet system. It was shown that the time for interfacial cracks to 
appear in this system at 75%RH was approximately 15minutes. Using our knowledge 
gained from the time constant of the multiscale model this does not provide enough time 
for moisture to diffuse to the interface in the MCC layer. However, 15 minutes does 
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provide enough time for moisture to reach the interface within the DCPl MgSt layer 
because the beta value is very large. 
To distinguish between these two possible cases (stresses causing interfacial 
cracking or moisture weakening the interface), investigatory work has already been 
started but further studies are needed to confidently confirm which mechanism is 
occurring. Preliminary studies made use of the m icroCT to visualize the time for crack 
initiation within MCC- DCP I MgSt bilayer tablets exposed to 75%RH and room 
temperature. In order to restrict water vapor flow through the DCPl MgSt layer and 
inhibit moisture from quickly reaching the interface, a layer of Teflon tape was wrapped 
around the DCP 1 MgSt layer prior to exposure. Another means to restrict vapor flow was 
performed by painting the exterior surface of the DCP I MgSt layer with silver paint to fill 
porous voids. In both cases crack formation occurred at the interface in approximately 
15-25minutes. With the addition of a vapor barrier the time for crack formation is 
unaffected. Two possible conclusions are probable for crack formation: I) the vapor 
barriers are not actually blocking/hindering the diffusion of moisture in DCPl MgSt and 
the interface is weakened and with the stresses generated in the MCC layer, the interface 
cracks, or 2) moisture diffusion is inhibited within the DCPl MgSt layer but the stresses 
generated from uptake in the MCC is still large enough to cause cracking over the same 
time. The obvious next step is to quantitatively analyze the evolution of interfacial 
strength with moisture uptake for both of these situations. 
As with the multiscale modeling future work, bilayer tablet experimentation 
should be completed for several different material systems. An obvious choice would be 
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that of similar materials and in the case of this study MCC-MCC bilayer tablets. Several 
experiments have already been performed on the MCC-MCC bilayer system with similar 
results to those presented for the DCP 1 MgSt -MCC bilayer system; however, the 
magnitude of strength is different, as shown in Figure 45. 
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Figure 45. Preliminary environmental history work on MCC-MCC bilayer tablets 
systems. 
However, other materials which have different degrees of swelling, relaxation, and 
anisotropy would be of particular interest as well. But, perhaps of more importance is 
examining the effect of curvature on bilayer tablet strength and how moisture alters 
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interfacial strength in these tablet systems. Curved bilayer tablets are of more practical 
impottance between all pharmaceutical tablets are produced with a certain level of 
curvature. As seen from work presented on curved bilayer tablets there is a distinct 
different in crack development as a result of layer order and curvature. However, in order 
to assess interfacial strength in curved bilayer tablet systems a different test method other 
than the shear test must be employed. 
Tensile testing of bilayer tablets 
The current work of this thesis exam111es the effect of moisture on the shear 
strength of bilayer tablets. In most cases the bilayer tablets are weaker in the axial 
direction and cracking is more likely to form in the presence of stresses normal to the 
interface. Therefore, in order to achieve a more representative measurement of the 
strength of the bilayer tablet interface it is necessary to perform a tensile test [121]. The 
tensile test has a major advantage over the shear test in that it may be used for tablets 
with interface curvature whereas the shear test is only applicable for tablets with a flat 
interface. As shown in Figure 46 for a flat faced system, the tablet will have to be 
attached to the sample stub holder via an adhesive. In addition, chain links will have to be 
used to attach the stub to the tensile testing machine in order to achieve appropriate 
alignment. The main disadvantage of this technique is the adhesive used to attach the 
tablet to the stub which has the potential to infiltrate into the pore space of the tablet and 
alter the local stresses. 
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Figure 46. Bilayer tablet tensile testing configuration. 
Accelerated testing of bilayer tablets 
One of the major future goals should be aimed at understanding the applicability 
of the accelerated stability test for bilayer tablets. Accelerated testing is used within the 
pharmaceutical industry in order to assess long term stability of tablets at moderate 
conditions by correlating stability of tablets expos.ed to higher temperature and humidity. 
Exposure at elevated temperature and humidity effectively increases the rate of 
degradation, whether it is drug decomposition, moisture uptake, or stress relaxation, such 
that the desired effect may be achieved on a much shorter time scale. However, it is not 
entirely clear if accelerated testing may be used for bilayer tablet systems to understand 
the long term stability of interfacial strength. In order to understand if this test is truly 
representative of long term exposure to moderate conditions it is necessary to develop a 
relationship between temperature, relative humidity, and time. One possible model to 
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access the accelerated testing time shift ts the Peck model for temperature-humidity 
(Eyring form) [122] , equation (5.2) , 
( Muse ) -n [Ea f 1 1 }] AF- -- exp- -----Mtest k Tuse Ttest (5.2) 
where AF is the acceleration factor (time to failure) , Muse is moisture leve l in service use, 
Mtest is moisture level in test, n is a material constant, Ea is activation energy, k is 
Boltzman ' s constant, Tuse is temperature in service use, and T1est is temperature in test, 
respectively. Jn order to access acceleration factor, a systematic series of experiment 
would have to be performed at constant temperature and varying humidity and vise versa . 
However, one assumption of the model presented is that the effect of temperature and 
humidity are not multiplicative. In real situations the moisture content of a material will 
vary with temperature and thus another factor will have to be added to account for thi s 
assumption. 
5.2.3. FEM and DEM of bilayer tablet production (compaction, unloading, ejection) 
One of the major limitations in understanding how processing parameters affect 
bilayer tablet integrity upon ejection is the inability to accurately model the unloading 
and ejection stages during bilayer tablet processing using finite elements. The current 
limitation of FEM models, specifically the Drucker-Prager Cap model , is the inability to 
accurately predict: 
1. The residual die wall stresses upon unloading 
a. The current models over predict these stresses 
2. Ejection stresses and radial expansion from the die 
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3. Evolution of damage 
Knowledge of the evolution of stresses throughout these two steps of compaction 
(unloading & ejection) is essential in order to begin to understand why cracking and 
delamination occurs in bilayer tablet systems. In order to gain insight in these two areas 
several different approaches may be taken. A failure model is needed in which damage 
must be incorporated upon unloading and ejection. The cause of the over prediction of 
radial die wall stresses upon unloading is due to the lack of a model which incorporates 
damage. The contraction of the die wall upon unloading causes significant stresses such 
that the material may yield and cracks form. This failure results in the observed decrease 
in radial die wall stress which ultimately affects the expansion from die size and the 
residual stresses in the final tablet. Moreover the damage model is needed to predict 
stress upon ejection from the die which affects the radial expansion of the material and 
may further enhance cracking. The over prediction of radial expansion is again a result of 
the model ' s inability to predict damage. With the incorporation of a damage model the 
observed effect of changing layer order and layer thickness may be explained by 
differences in stresses. To this date there is no concrete explanation for why layer order 
and thickness result in the observed failures for curved bilayer tablets . Several 
approximations may be made for tablets of flat cylindrical geometries but these results 
have limited applicability. The need for a fundamental damage model would enable 
predictions for tablet shapes which are more complicated than cylindrical in geometry. 
Another benefit to the development of a damage model would be to better 
understand the residual stresses within the bilayer tablets upon ejection. In order to fully 
understand the effect that moisture has on the integrity of bilayer tablets it is essential to 
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understand the initial stress state within the tablet. As a result of the compaction process, 
tablets will inherently maintain a certain level of residual stresses which are not uniform 
throughout the tablet. The uptake of moisture will relieve these res idual stresses and , at 
the same time, cause swe lling stresses. The combination of both residual stress relaxat ion 
and swe lling stresses will contribute to the overall stress state within the bilayer tablet 
which ultimately dictates the stresses at the interface. Knowing the initial stress state is a 
necess ity in order to accurately predict what degree of swelling stresses will result in 
bilayer tablet failure. 
An alternative approach to FEM of powder compaction IS di screte e lement 
modeling (DEM). DEM allows for individual particles to be modeled as discrete points. 
The interaction between discrete particles is dictated by contact laws which describe the 
force displacement relationship between contacting particles. Moreover, implementation 
of contact laws will allow for hysteresis of the force with displacement curve in which a 
pull off force may be achieved. This is beneficial because it will allow for the prediction 
of strength based upon contact between particles. Therefore, the use of DEM may be the 
only feasible option for assessing tablet strength numerically. This becomes extremely 
important within bilayer tablets systems when the interfacial strength between two 
materials dictates the failure of the system. The reason for this is the interface between 
the two materials is the weakest part of the tablet system. The development of a viable 
DEM model with the incorporation of a moisture diffusion model has the potential to 
fully describe the transient stresses and strains which develop as a result of moi sture 
absorption. With the DEM model and knowledge of several material parameters it may 
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be possible to predict tablet failure of any bilayer tablet shape and material combination 
either during the compaction process or during storage. 
5.2.4. Fracture toughness and surface energy measurements for FEM and DEM 
Several material properties are needed 1n order to make the FEM and OEM 
approaches applicable and realistic. Fracture toughness or fracture energy of the 
bimaterial interface, surface energy/work of adhesion , and particle mechanical properties 
are several of the input parameters needed within FEM and OEM models. Unf011unately 
measurement of these material parameters is not trivial. 
In order to implement a damage mode l with the use of finite elements 
(commercial software such as ABAQUS) it is essential to know the fracture energy of the 
bimaterial interface. Several test methods have proposed a three or four point bending test 
in which the energy release rate during crack propagation along the interface is measured 
[95 , 120, 123-125]. The energy release rate may be related to the fracture toughness of 
the bimaterial interface. This test method relies upon specimens which are bar shaped and 
contain a pre-existing crack which in some cases has a complex shape. In addition, 
numerical analyses of stresses at the crack tip are typically assumed linear elastic. Both of 
these conditions lead to difficulties interpreting results. First, special die systems are 
needed to produce bar shaped tablets which do not represented actual pharmaceutical 
tablets. ln addition, samples are typically made without the ejection stage which changes 
the initial residual stresses within the tablet. Secondly, there is a need to introduce a pre-
crack which may induce damage to the sample and bias results. Further efforts are needed 
150 
to deve lop a proper testing meth od for pharmaceutical tablets in order to analyze bilayer 
tablet fracture tou ghness. 
In order to define the interaction between particles in discrete e lement based 
model s it is necessa ry to know the work of adhesion between particles along with the 
particles mechanical properties. Future work should examine the work of adhesion of 
s imilar and diss imilar particles through several different techniques such as surface force 
apparatus [ 126] , colloidal particle techniques [ 127], or inverse gas chromatography [128]. 
Each of these techniques provides a means to measure the work of adhesion or the 
surface energy of a particle. Characterization of individual pa11icles to assess mechanical 
properties may be performed with nano indentation [ 129] or atomic force microscopy 
[130] . In both cases the force displacement curve may be used to determine the Young's 
modulus and Poisson' s ratio of the particle. 
5.2.5. Characterization of particle porosity - microCT and nanoCT 
Knowledge of particle porosity and the evolution particle porosity with 
compaction pressure 1s an important parameter used within the numerical multiscale 
model. Specifically, pa11icle porosity is necessary in order to estimate total cumulative 
pore volume (TCPV). TCPV is then used to determine the total number of intraparticle 
pores connected to interparticle pores, x parameter used within the multiscale model , 
which is a very important parameter for the full numerical model because it affects the 
transient rate of uptake. However, currently particle porosity can only be estimated and 
not measured explicitly. Current work on porosity within pharmaceutical tablets applies 
techniques which either highlight a very narrow range of pore sizes or a very wide range. 
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Work has been completed with BET N2 and Hg porosimetry on tablets made to different 
compaction pressures [I l , 45-46]. However, both of these techniques do not distinctly 
measure the particle porosity. BET N2 analysis is limited to onl y very sma ll pores, less 
than 200nm, which is predominately within the pat1icles, but larger pores also exist 
within particles as seen through SEM images. Hg poros imetry probes a much wider range 
of pore sizes, nanometers to microns ; however, distinguishing between particle porosity 
and interparticle poros ity is difficult. 
In order to help bridge the gap between these two techniques, microcomputed 
tomography and nanocomputed tomography may be used to analyze tablet porosity and 
individual particle porosity. MicroCT provides a middle ground between the two 
previously mentioned techniques, BET N 2 and Hg porosimetry. MicroCT offers spatial 
resolution of pores within the tablet along with estimations of pore diameters. In 
advanced microCT devices the resolution is limited to approximately 1 micron per pixel 
but may be reduced down to 720nm/pixel. Therefore, pores on the order of 3-Smicrons 
may be resolved . Consequently, microCT will assess mainly interparticle porosity, 
leaving out all pores sizes smaller than 3microns. This cannot be accomplished with Hg 
porosimetry because the technique cannot distinguish between intraparticle and 
interparticle pores. High resolution microCT scans of tablets compacted to a known RD 
can be analyzed for overall porosity. Reconstructed images will provide estimates of 
compact porosity (1-RD) and in all cases will overestimate the RD of the tablet. The 
overestimation arises from the fact that the small intraparticle pores are not included 
within the pore space calculation. Therefore using the difference between physically 
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measured RD and microCT measured RD, along with the known mass of the so lid, an 
estimate of particle porosity may be achieved. 
To complement microCT ana lyzes of tablet porosity and to achieve an even better 
estimate of particle porosity, nanoCT may be used. Characterization of small sections of 
compacted tablets and even individual particles may be performed with nanoCT. This 
technique has the potential to image samples with a resolution of 50nm/pixel which 
wou ld allow for pores on the order of 200-300nm to be visualized [ 13 1 ]. Moreover, 
nanoCT provides a technique to probe the nanoporosity of particles and tablets as a 
function of compaction pressure. Estimation of pore volume within a particle by nanoCT, 
in addition with BET N2 ana lysis, wil l provide a comprehensive and unique perspective 
of particle porosity within pharmaceutical powders. Moreover, particle porosity is an 
important factor which may be incorporated within OEM and the use of nanoCT will 
allow for a more accurate estimation of this porosity. 
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Appendix 1: Analytical solution method 
Analytical solution method: 
The solution of equations (21-22) is found using the method of eigenfunction expansion 
in a manner similar to [ 132]. For convenience we define: 
The so lution to both eq uations may have the following form which can be written as an 
infinite summation: 
Cp(y, t) = L Tl ,n (t)Yl,n (Y) (A.l) 
n=l 
00 
C5 (y, t) = L T2,n(t)Y2,n(Y) (A.2) 
n=l 
where T 1,n(t) and T2,n(t) are functions of the solution which only depend on the variable t, 
time, and Y1,n and Yz,n are the eigenfunctions of the so lution which only depend on the 
spatia l variable y. In addition, it may be assumed that both Cp(y,t) and Cs(y,t) have 
eigenvalues and eigenfunctions of the same form in which the following is true: 
= 1,2,3, ... , 00. (A. 3) 
Substituting the relationship (A.3) into equations (A. I) and (A.2), the two solutions are 
only differentiated by, T J,n and T2,n· Using this new definition of (A. I -2) and substituting 
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back into equations (21-22), taking the appropriate derivatives, and summing over all 
values of n, yie lds: 
en oo en 
_L r ;,n( t)r;1 (Y) =al L Tl,n (t)Y~'(y)- Y1 L (rl.n( t)Yn(Y)- fJT2 ,n Ct)Yn(y)) (A. 4) 
n=l n=l n=l 
00 00 
L r~.n (t)Yn(Y) = Y2 L (rl,n (t)Yn(Y)- {JT2,n (t)Yn(Y)) (A. 5) 
n=l n=l 
An identity, equation (A.6), may be substituted for the second derivative term . 
(A. 6) 
Yn(Y) may be then be factored out and eliminated from equations (A.4&A.5). Applying 
the Laplace transform of these two equations, so lving for Tn(s) and T2,n(s), and 
performing the inverse Laplace yields the solution for T, ,n(t) and T2,n(t). The initial 
conditions and boundary conditions are used to find T 1.n(O) and T2,n(O), equations (A.7) 
and (A.8), which are substitute back into the model equations. 
21 
Tl,n (O) = ~l f (Cp(y, O)- Couc)Yn(x)dy 
x =O 
-2( cg(y, O) - Cout) [ ( ) 1] = cos nrr -
nrr 
(A. 7) 
21 
T2.n(O) = ~l f (C5 (y, O)- Cf )Yn(x)dy 
x=O 
-2(C2(y, O) - Cf ) [ ( ) 1] = cos nrr -
nrr 
(A. 8) 
169 
With the equations for T1 ,n, T2,n determined and Yn(Y) known, the so lution takes the form 
of equations (A .9) and (A.I 0). 
00 
Cp(y, t) = Caut +I Tl ,n(t)Yn(Y) (A . 9) 
n=l 
00 
C5 (y, t) = Cf +I T2,n(t)Yn(Y) (A.lO) 
n = l 
Thus, the concentration of water in pore space and solid are shown in equation (A.I I) 
and equation (A.I2), respective ly. 
= Caut 
f 2CautCcos(nrr) -1) . (nrry) _.!.w1 t ( (1 ~) + L rrn sm 2l e 2 cosh zt-Jw1 - w2 
n=l 
(A.ll) 
= Cf 
00 ~ 2Cf (cos(nrr) -1) . (nrry) _.!.w t ( (1 ~) 
+ L rrn sm 2l e 2 1 cosh zt-Jw1 -w2 
n=l 
(A.12) 
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Where: 
(A.13) 
(A. 14) 
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